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John E. Post, KA5GSQ, taught an intense 4-day science 
and engineering summer camp program for high school 
students at Embry-Riddle Aeronautical University. The 
purpose of the camp was to motivate students to consider 
pursuing careers in science and engineering, specifically 
in electrical and computer engineering. It was also an 
opportunity to introduce the students to some basic 
Amateur Radio concepts. As part of the program, the 
students assembled a variety of temperature and pressure 
sensors, which they launched on a high-altitude balloon. On 
the cover, we see one of the APRS position-beacon trackers 
that they attached to the “balloon train.” 
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cies, please contact the Circulation Department 
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Copyright © 2012 by the American 
Radio Relay League Inc. For permission 
to quote or reprint material from QEX 
or any ARRL publication, send a written 
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The American Radio Relay League, 
Inc, is a noncommercial association 
of radio amateurs, organized for the 
promotion of interest in Amateur Radio 
communication and experimentation, 
for the establishment of networks to 
provide communications in the event of 
disasters or other emergencies, for the advancement 
of the radio art and of the public welfare, for the 
representation of the radio amateur in legislative 
matters, and for the maintenance of fraternalism and 
a high standard of conduct.

ARRL is an incorporated association without 
capital stock chartered under the laws of the state 
of Connecticut, and is an exempt organization 
under Section 501(c)(3) of the Internal Revenue 
Code of 1986. Its affairs are governed by a Board 
of Directors, whose voting members are elected 
every three years by the general membership. The 
officers are elected or appointed by the Directors. 
The League is noncommercial, and no one who 
could gain financially from the shaping of its 
affairs is eligible for membership on its Board.

“Of, by, and for the radio amateur,” ARRL 
numbers within its ranks the vast majority of active 
amateurs in the nation and has a proud history of 
achievement as the standard-bearer in amateur 
affairs.

A bona fide interest in Amateur Radio is the only 
essential qualification of membership; an Amateur 
Radio license is not a prerequisite, although full 
voting membership is granted only to licensed 
amateurs in the US.

Membership inquiries and general corres- 
pondence should be addressed to the 
administrative headquarters:

ARRL   
225 Main Street  
Newington, CT 06111 USA 
Telephone: 860-594-0200 
FAX: 860-594-0259 (24-hour direct line)

Officers

President: KAY C. CRAIGIE, N3KN
570 Brush Mountain Rd, Blacksburg, VA 24060

Chief Executive Officer: DAVID SUMNER, K1ZZ

The purpose of QEX is to:

1) provide a medium for the exchange of ideas and 
information among Amateur Radio experimenters,

2) document advanced technical work in the Amateur 
Radio field, and

3) support efforts to advance the state of the 
Amateur Radio art.

All correspondence concerning QEX should be 
addressed to the American Radio Relay League, 
225 Main Street, Newington, CT 06111 USA. 
Envelopes containing manuscripts and letters for 
publication in QEX should be marked Editor, QEX.

Both theoretical and practical technical articles are 
welcomed. Manuscripts should be submitted in word-
processor format, if possible. We can redraw any 
figures as long as their content is clear. 
Photos should be glossy, color or black-and-white 
prints of at least the size they are to appear in 
QEX or high-resolution digital images (300 dots per 
inch or higher at the printed size). Further 
information for authors can be found on the Web at 
www.arrl.org/qex/ or by e-mail to qex@arrl.org.

Any opinions expressed in QEX are those of
the authors, not necessarily those of the Editor or the 
League. While we strive to ensure all material 
is technically correct, authors are expected to 
defend their own assertions. Products mentioned 
are included for your information only; no 
endorsement is implied. Readers are cautioned to 
verify the availability of products before sending 
money to vendors.

The American Radio 
Relay League

Larry Wolfgang, WR1B     

Empirical Outlook

Smart Phones and Tablets
Many of our readers have been carrying “smart phones” or even some form of “tablet” 

for some time now, perhaps several years. It seems like every consumer electronics com-
pany has one or more offerings in these categories, and each one claims to be so much 
better (or less expensive) than the competition. Add in the various “e-readers” and it will 
make your head spin! How do you decide which choices are right for you? I have checked 
some of them out in the stores, but what can you really learn with such a limited demonstra-
tion? What applications might I want to try, and will they be available on the platform  
I choose? 

Certainly we can talk to our friends who are already using iPads or other tablets, and we 
might be able to borrow their Kindle or other e-reader for a few days. That would be a more 
practical real world demonstration than we can get in a store. If one of those friends is also 
a ham, so much the better! It is still a big decision, and no one wants to spend perhaps the 
price of a new laptop computer just to see if they will like it.

I have been using a basic cell phone for a number of years, and was quite happy just to 
use it for the convenience of phone calls when I am away from home. My plan did not 
include text messaging, and I didn’t feel the need for that feature. Isn’t that why I have e-mail 
on my computer? Recently my son gave me an Android phone that was on a spare line on 
his cell phone account. I began to realize that it is convenient to be able to send a quick text 
(not while driving, of course!), or to check an e-mail account when I was away from my 
computer. That Android phone was several years old and some features didn’t work the 
way I expected them to, so when Chris told me it was eligible for an upgrade, I decided to 
take advantage of the opportunity. Of course I wasn’t going to be satisfied with the bottom-
of-the-line phones that I could get for free! 

Now I am searching for Amateur Radio applications to add to my phone, and I am finding 
that there are many offerings for free or for a small fee. There are license exam practice 
programs, Morse code trainers, repeater listings, various data bases, common calculations 
and so much more. I am more intrigued by programs that are directly related to on-the-air 
operation. 

A few weeks ago I met a ham on a local repeater. He was coming into the repeater over 
an EchoLink connection. It turned out that he was riding a train across Massachusetts, 
talking to me on a repeater in eastern Connecticut — using an App on his iPhone! On the 
cover of the May 2012 issue of QST we see an AFSK interface that connects an Android 
phone to an HF radio. PSK31 contacts with a smart phone! The possibilities are endless.

What are some of your favorite applications? Maybe you have found something that far 
exceeds your expectations, and has become an important part of your Amateur Radio 
experience. I invite you to share the information about some of your favorite finds. Send me 
a note, perhaps with links to your favorite application store, and I’ll include the information 
in a future issue. 

I imagine that some of our readers have written applications for their phones and tablets, 
too. What is involved with programming for these devices? Your fellow readers would prob-
ably enjoy learning about your experiences, and in picking up some tips for writing their own 
applications. We often have articles about projects with microcontrollers, including code 
listings. There have been articles about the programming process as well, but we haven’t 
seen any articles about writing applications for smart phones or tablets yet. The aforemen-
tioned May QST article is a nice description of the hardware needed to interface the phone 
to a radio, but has no information about the application, except to tell us where to find and 
download the program. What can you offer for the other side of that equation? We’re waiting 
to hear from you.

lwolfgang@arrl.org
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ceases at the end, real current is zero and 
voltage is highest there. As a result of that 
discontinuity a free wave is radiated into the 
surrounding space while at the same time a 
reflected wave returns toward the center. 

A dipole simultaneously exhibits prop-
erties characteristic of a radiator, a trans-
mission line and a resonator.5 A monopole 
element fed from the end does this as well. 

If we put a load at the far end of an ele-
ment that is able to couple to the signal 
(wave) and prevent both reflection and 
radiation, then the resonance disap-
pears and signal energy goes into that 
load. If you’ve ever grabbed the end 
of a driven element of a VHF or UHF 
Yagi with your hand while watching 
an SWR meter you have witnessed this 
effect. The structure operated less like 
an antenna. Depending upon whether 
you were transmitting or receiving, sig-
nal power to or from a distant location 
was reduced, resonance was suppressed 
and some of the transmitted energy was 
absorbed in your hand. Under these 
conditions, the driven element became 
more of a transmission line and less of 
a radiator. Energy put into the element 
traveled as a wave along the conductor 

and was absorbed into a load at the end. 
With appropriate coupling and loading, this 
behavior can occur at all frequencies, not just 
at frequencies where the unloaded element 
happens to be resonant. With proper con-
nections, called “launchers” at each end of a  
conductor, a simple transmission line that 
exhibits very low attenuation along with 
very wide bandwidth operation can result. 
The plot in Figure 1 compares the measured 
attenuation of 100 feet of a SWTL made 
from no. 24 AWG copper wire conductor 
with the attenuation of LMR400 coax. Not 
only is this SWTL simpler, less expensive 

Glenn Elmore, N6GN                                                                             John Watrous, K6ZPB

446 Halter Ct, Santa Rosa, CA 95401; n6gn@sonic.net                PO Box 495, Graton, CA 95444; k6pzb@sonic.net

A Surface Wave Transmission Line 
This article is the first in a series of QEX articles that involve surface wave 

transmission line theory and applications for use by radio amateurs.  
The second article describes a new theory for understanding antennas.  

The third article describes a very wide band antenna.

Many we ve shown this to have a first 
response of something like How can a sig-
nal hooked to a long wire not radiate?  This 
particular type of transmission line has not 
been previously described in the Amateur 
Radio literature, but it may be mistaken for 
one that has. Surface wave propagation has 
been known for a very long time. In fact, in 
the early days of radio, prior to 1900, theo-
retical work was done by Sommerfeld to 
explain beyond the horizon propagation. 
Then in the 1950s, Georg Goubau intro-
duced a new surface wave transmission 
line (SWTL) that required only a single 
conductor.1 That line, known since as 
G-line,  required dielectric (insulation) 

around the wire or else special featur-
ing of the conductor to slow the relative 
velocity of propagation in order to keep 
the signal from leaving the wire con-
ductor. Reference books, including The 
ARRL VHF Manual, provided informa-
tion from Goubau s work and a 1974 
QST article by George Hatherell, K6LK, 
further described the use of this unusual 
mode for amateur radio purposes.2, 3 

The SWTL being described here does 
not use the same mode as described for 
G-Line. Unlike G-line, no insulation or 
conditioning around the conductor is neces-
sary. In fact, a bare conductor can actually 
work better than one with insulation, at least 
while the surface is bright and shiny. Also, 
there is no slowing of the propagating wave. 
The wave may travel more than 50% faster 
than signals in common coax and has been 
measured to have a relative propagation 
velocity of unity — it travels right at the 
speed of light.

For those who are familiar with antennas 
and have difficulty understanding that this 
SWTL isn’t one, it is perhaps useful to first 
consider the familiar dipole. A dipole can 
make a good antenna, particularly when it 
is an odd number of half wavelengths long. 
You may have operated a 40 meter dipole on 
both 40 and on its 3rd harmonic at 15 meters. 
A dipole can be fed from the middle and 

exhibits resonance at the fundamental, 3rd, 
5th and higher odd harmonics.4 In a sense, 
a resonant dipole, “knows” how long it is 
— that is, by connecting only at the center, 
responses due to total length can be seen. A 
dipole’s response depends upon the length 
and on something happening at the element 
ends. 

A monopole fed against a ground can 
be thought of rather like a dipole. Fed from 
one end, the signal (wave) travels to the far 
end of an element and is reflected back from 
the discontinuity there. Since the conductor 1Notes appear on page 9.

Completed 400 MHz launcher mounted on a “holder.” 
The no. 24 SWTL conductor extends from the center 

of the horn and can be seen as a faint line  
in this photograph.
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and lighter than coax, but above a lower 
frequency limit which is determined by the 
launcher design, it can also exhibit lower loss 
than even this excellent coax. 

While the preceding discussion may help 
describe the SWTL for those familiar with 
antennas, the question “How can a trans-
mission line as simple as this not have been 
discovered and used before?” may still occur. 
For those who prefer to examine the SWTL 
from the point of view of transmission line 
rather than antenna theory, more detail on 
the theory, historical background and opera-
tion of this SWTL is available.6 In the rest of 
this article we’ll just show you how to make 
and use it.

Fabrication 
The launchers use broad band coaxial 

transmission line transformers described 
by Klopfenstein and having a Chebyshev 
impedance taper that matches a 50  coaxial 
connection at the narrow end to the 377  
impedance at the wide end, where the SWTL 
conductor attaches.7 This transformation 
has a low frequency limit set by the low-
est frequency at which the total transformer 
length is approximately one half wavelength. 
Two designs are shown here, one with a 
400 MHz lower limit and the other with a 
144 MHz lower limit. Both designs should 
operate from their low frequency cut-off to 
well above 3 GHz. The outer conductor of 
these coaxial transformers is a cone made 
from metalized paper. The inner conduc-
tors, which have specially varying diameters 
to provide the correct impedance profile 
along the length of the launcher, are made 
from brass tubing. Table 1 lists the materi-
als needed to build the launchers, with one 
source.

400 MHz Launcher Fabrication
Cut the metalized paper and the brass shim 

stock from flat stock using the patterns shown 
in Figure 2A. Using a cloth and some acetone, 
clear the gold ink away from the paper in 
the indicated area prior to folding it into a 
cone with the metalization on the outside. 

With the overlapping tab lined up along the 
entire inside length, temporarily tape the cone 
together on the inside with transparent tape 
or masking tape. Then go back and tape the 
entire outer seam with metal foil tape. It may 
help to have two people for this operation.

Similarly, with the brass shim pattern, 
once cut out, overlap the edges carefully and 
tack solder it in a few places to hold it in place 
before going back and completely soldering 
the seam.

When you are finished building these 
cones, the brass cone should fit snugly over the 
narrow end of the metalized paper cone and 
the brass and cleared metalization should have 
good electrical contact. 

The center conductor is fabricated from 
K&S Metals brass tubing stock, as shown in 
Figure 2B. This brass tubing is available in 
1⁄32 inch diameter steps from many hobby and 
hardware stores. Figure 2B shows at what 
position along the tapered center the next size 
begins. Cut the tubing about ½ inch longer 

than the required length to allow for overlap at 
each end. Carefully position these, both as to 
length and straightness, and tack solder them 
together. Once you have the entire tapered cen-
ter conductor assembled and are pleased with 
the lengths and alignment, you can go back and 
solder each joint completely. Finally, sand or 
file away any excess solder so that you finish 
with a smooth step-tapered center conductor.

Cut a Styrofoam stiffener from 2 inch stock. 
This is available from home supply stores for 
use as thermal insulation. If possible, cut the 
circle using a small band saw with the table 
tilted to provide about a 22° angle, so that it 
will fit snugly in the finished paper cone about 
2⁄3 of the way toward the open end. Drill an 
1⁄8 inch hole through the center of the stiffener.

For final assembly, shown in Figure 3, 
first slip the brass cone over the center con-
ductor and then solder the SMA connector 
center pin into the end of the tube. Set the 
paper cone on a flat work surface, wide 
end down, and seat the brass cone over the 

Table 1 Materials and Sources for Building the Launcher
1. Pacon® Metallic-Colored Four-Ply Poster Board: www.amazon.com/Pacon%C2%AE-Metallic-Colored-Four-Ply-Poster-Carton/dp
    B002XJHGDK/f=sr_1_3?ie=UTF8&s=office-cts&qid=1309381399&sr=8-3 
2. SMA connector: www.jameco.com/webapp/wcs/stores/servlet/Product_10001_10001_159531_-1
3. 0.005 inch brass shim stock: www.amazon.com/Brass-Shim-Stock-0-005-Thick/dp/B00065UXZG
4. No. 24 Magnet wire: www.frys.com/product/6279330
5. Metal tape: www.amazon.com/Shurtech-Brands-50-47523-01-Metal-Repair/dp/B0050BY230
6. K&S brass tubing stock in various sizes: Available from many local hobby and hardware stores.
7. Styrofoam insulation, 2 inches thick: Available at most home building supply stores.

Figure 1 — Measured performance of SWTL compared with measurement of Times 
Microwave LMR-400 coaxial cable. Plots of 100 feet of no. 24 AWG conductor with a pair of 

400 MHz launchers and a pair of 144 MHz launchers are shown. The main difference between 
these is the cut-off frequency.
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SMA

klopfenstein
taper

 
3  Flush with 
         Teflon on 
  SMA

4  0.06

5  0.17

6  0.28

7  0.4

8  0.51

9  0.64

10  0.76

11  0.89

12  1.03
 
13  1.16

14  1.31

15  1.46

16  1.62

17  1.79

18  1.98

19  2.19

20  2.43

21  2.72

22  3.14

21  4.38

20  4.83

19  5.17

18  5.45

17  5.71

16  5.95

15  6.18

14  6.41

13  6.61

12  6.84

11  7.07

10  7.3

9  7.55

8  7.8

7  8.07

6  8.37

5  8.71

4  9.09

3  9.56

2 1 0.17

1(Wire) 11.11

front 12.99 

Brass 
Cone

(B)

Distance 
From
SMA 

Connector

K&S Tubing 
Diameter
32nd of 
an Inch

Figure 2 — Part A shows the metalized paper and brass shim stock cone patterns before folding. Part B gives the dimensions of the inner 
launcher tapered conductor sections made from K&S Metals brass tubing (in 32nds of an inch) versus position from the SMA connector  

for the 400 MHz launcher.
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paper cone while guiding the tapered center 
conductor through the Styrofoam stiffener. 
The center hole will enlarge slightly as the 
center conductor pushes into it. With every-
thing in alignment, you can then solder the 
SMA connector flange to the brass cone. 
Use metal tape to fasten the brass cone to the 
paper cone and your 400 MHz Klopfenstein 
taper launcher is complete. You only need 
to solder the no. 24 copper line to the center 
conductor at the wide end of the tube to use 
the launcher.

144 MHz Launcher
The 144 MHz version of the launcher is 

simply a “stretch” version of the 400 MHz 
version. Both should operate to well beyond 
3 GHz, but the 144 MHz version, at a little 
over 40 inches of overall length, will operate 
at lower frequencies as well — including the 
2 meter and 1¼ meter amateur bands.

Construction is basically the same as 
already described for the 400 MHz version 
except that significantly more brass tubing is 
required for the center conductor, and three 
sheets of metalized paper are needed to con-
struct the outer cone.

Figure 4 provides a template for the paper 
cone and Figure 5 is a template for the brass 
cone. The inner conductor dimensions are 
listed in Table 2. An SMA connector is used 
the same way as it was for the 400 MHz 
launcher.

The target impedance profile for a 20 dB 
return loss Klopfenstein taper wide band 
transmission line transformer is shown in 
Figure 6. This same profile can be scaled in 
length for different lower frequency limits. 
When built from stepped diameter tubing 
sections rather than continuously varying 
line diameters, the performance is just 
slightly poorer than this target. 

Figure 7 shows the measured transmis-
sion attenuation and impedance match of 
the line, both as return loss and SWR. As 
shown, it has a corner frequency just below 
2 meters but the line is actually usable from 
below 100 MHz and has a usable upper limit 
well above 3 GHz. Actual performance is 
probably somewhat better than shown by 
the measurement because the calibration of 
the vector network analyzer used to measure 
it was compromised due to variations in the 
100 foot long test cables and connections 
that were required for measuring this large 
structure. After calibration with precision 
standards, the lines had to be dragged to the 
ends of the SWTL and were flexed in the 
process. This reduced the resulting measure-
ment accuracy. 

SWTL Line Use
For simple transmission line use, you’ll 

need to make two of the above launchers, of 

either the 400 MHz or the 144 MHz versions. 
Once these are built, to use the line, simply 
reel out the desired length of no. 24 bare cop-
per or enameled magnet wire, tin the ends and 
solder it into the center conductors of each 
launcher. Some sag in the line is really not a 
problem but it is important that the line be kept 
away from the ground and obstacles, prefer-
ably by at least a foot or more, over its entire 
length. If you use it this way, you should have 
a low attenuation, very broadband transmis-
sion line that can be used just like any other 
line for connecting a receiver or transmitter 
to an antenna or any similar transmission line 
use over the 400 MHz to 3 GHz or 144 MHz 
to 3 GHz range, as shown by Figure 1.

As you can see in Figures 2B and 3, we 
soldered a ½ inch copper water pipe coupling 

on the back of the brass cone and around 
the SMA connector to facilitate mounting 
each launcher. Prior to soldering, we slotted 
the open end of this fitting so that the entire 
launcher could be supported from a piece of 
standard ½ inch copper pipe and an SMA fit-
ted coaxial cable could be run down the cen-
ter of that same mounting pipe and secured 
with a small metal hose clamp. 

Very long runs of this line may be quite 
useful in connecting a transceiver to a distant 
antenna, perhaps one located at the top of a 
tower or a nearby hill. If very long lines are 
used, the weight of the line may be partially 
borne by intervening Styrofoam supports, 
periodically placed along the span, to keep 
the wire away from ground and obstacles. 
The use of insulators that have higher relative 

Table 2
Step-tapered Center Conductor Dimensions for the 144 MHz Launcher

K&S Tubing OD,  Position 
  from SMA 
(32nds of an inch) (inches)
 3 0
 4 0.18
 5 0.51
 6 0.85
 7 1.20
 8 1.56
 9 1.93
 10 2.30
 11 2.70
 12 3.11
 13 3.52
 14 3.96
 15 4.43
 16 4.92
 17 5.43
 18 6.00
 19 6.63
 20 7.36
 21 8.25
 22 9.53
 21 13.27
 20 14.65
 19 15.67
 18 16.52
 17 17.30
 16 18.03
 15 18.74
 14 19.43
 13 20.04
 12 20.73
 11 21.42
 10 22.13
 9 22.87
 8 23.64
 7 24.47
 6 25.37
 5 26.40
 4 27.56
 3 28.96
 2 30.81
 1 33.66

Note: The last tubing section is 1⁄32
nd inch OD and extends to the front of the paper 

cone, where it is soldered to the no. 24 wire SWTL conductor.
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Figure 4 — The paper cone for the 144 MHz version of the launcher requires three 18 × 24 inch sheets of metalized paper.

Figure 3 — Assembly of the 400 MHz Launcher.

This photo shows a 144 MHz cone, along with 
the Klopfenstein taper impedance matching line 

and the template sheet for the cone.

Here is a completed 144 MHz launcher, mounted 
to a wooden frame for testing. 
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Figure 5 — This is the template for the brass portion of a 144 MHz launcher outer cone. The 
material can be 0.01 inch thick brass shim stock.

dielectric constants such as ceramic or glass, 
however, will tend to unbalance the wave on 
the line and will cause additional attenuation 
and reflection so should be avoided.

If you accidentally break the no. 24 con-
ductor, even if you are using enamel covered 
magnet wire, it isn’t necessary to re-solder 
in order to reattach. A linesman’s splice 
made by twisting one to two inches of each 
end tightly and closely around the other end 
will provide a “gimmick” capacitor that will 
make quite a good connection at 400 MHz 
and above. Because the characteristic imped-
ance of the line is 377 , it doesn’t take much 
capacitance to make a very adequate RF con-
nection even if there is insulation that pre-
vents a dc connection. At lower frequencies 
you should make the splice longer or else sol-
der any break, keeping the overall length and 
diameter of the splice as small as is practical.

It is possible to substitute different wire 
diameters. Particularly for very long lines 
that are supported at intermediate points with 
Styrofoam, you may find you can achieve 
lower losses by going to significantly larger 
and heavier wire or conductor diameters. 
Particularly if you taper gently between 
different diameters, perhaps by using inter-
mediate diameters for a few inches at the 
transition, you should be able to achieve very 
low loss on extremely long runs. Because 
line attenuation is primarily influenced by the 
conductivity of the SWTL conductor used 
and further limited by skin effect, large diam-
eter conductors made from copper will tend 
to show better performance than small ones 
made from metals having poorer conductiv-
ity. Even so, because of the high character-
istic impedance of the line, materials that 
might not normally be considered for RF use, 
such as iron or stainless steel, may be used to 
create a very adequate SWTL. Commercial 
applications of this SWTL have used ¼ to 
2 inch diameter aluminum power line cables 
to achieve good performance even at 5 GHz 
and above. It is common to see attenuation 
at microwave of around 2 dB/100 feet with 
these larger conductors. For Amateur Radio 
applications, it may prove convenient to use a 
tower or mast guy cable as a feed line as well 
as a mechanical support. If this is to be done, 
a different launcher design that doesn’t put 
mechanical strain directly onto the launcher’s 
coaxial cable center pin must be arranged. 
A launcher that mechanically and electri-
cally clamps to the cable with an RF attach-
ment one quarter wavelength in front of the 
attachment point is one possibility but is not 
detailed in this article.

It is also possible to use non-circular 
cross-section conductors, as long as they 
are radially symmetric. There has been a 
report of the use of metalized Mylar ribbon 
of very great lengths (a kilometer or more) 

Figure 6 — This graph shows the line Impedance versus position for a 20 dB return loss 
Klopfenstein taper with a corner frequency of 143 MHz.
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John Watrous, K6PZB, is an ARRL Member 
who was first licensed in 1956. Several times 
he has won the San Francisco VHF Contest in 
the QRP category. He is active in WSPR and 
has been working with Glenn Elmore on radio 
projects for over 20 years. For 34 years he 
taught people to behave more creatively in an 
Art Department at Santa Rosa Junior College, 
where he first used computers in art in 1983. 
He initiated the college’s first on-line class in 
1995. Retiring in 1997, John has focused his 
energy toward brainstorming ideas with Glenn, 
and building models in his shop. John holds a 
Masters Degree in sculpture and has always 
been interested in art and technology.
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as a SWTL transmission line conductor.8 
While this report implied that this was a form 
of Goubau line, it seems likely that it was 
actually operating in the same manner as 
the SWTL lines described here, in a TM00 
mode, longitudinal e-field wave guide rather 
than as the transmission line described by 
Goubau. 

This SWTL should have quite high power 
handling capacity, particularly with larger 
diameter conductors. The authors have not 
tried kilowatt level transmitting, but it is very 
likely that the SMA connector will be the 
limiting factor rather than the line itself

Permission to Use
The surface wave transmission line 

technology described here is patented and 
requires licensing agreements to build or use. 
Corridor Systems Inc, the patent holder, is, 
however, permitting licensed Amateur Radio 
operators worldwide to build and deploy 
devices and systems which use it for their 
personal, non-commercial use, under the 
terms of their Amateur licenses. Any other 
use requires licensing from Corridor Systems 
Inc, 3800 Rolling Oaks Road, Santa Rosa, 
California 95404, USA.9

Glenn Elmore, N6GN, has been a licensed 
Radio Amateur for the past 50 years, and has 
held call signs of WV6STS, WA6STS and now 
N6GN. He has held an Amateur Extra class 
license since 1972. For most of his working 
career, Glenn has been an electrical engineer 
involved with the design of RF and microwave 
test and measurement equipment, notably sca-
lar, vector network and spectrum analyzers. 

Glenn’s Amateur Radio interests have 
included weak signal VHF/microwave opera-
tion including meteor scatter, EME, terrestrial 
DX as well as higher speed Amateur TCP/
IP radios and networks. He has recently been 
active on WSPR, the weak signal reporting 
network. Glenn is an ARRL Member. 

Figure 7 — Here is the measured performance of 100 feet of SWTL line with  
144 MHz Launchers.

In this photo, a pair of 144 MHz Launchers 
are being measured with 100 feet of no. 24 
magnet wire conductor in the driveway at 

N6GN. The vector network analyzer used for 
the measurement can be seen to the right, 

between the two ends.
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John E. Post, KA5GSQ

Embry-Riddle Aeronautical University, 3700 Willow Creek Road, Prescott, AZ, 86301; john.post@erau.edu

A Simple Sensor Package for 
High Altitude Ballooning

High-altitude ballooning provides a unique opportunity to motivate high 
school students to pursue careers in science and engineering, as well as 

introduce them to exciting Amateur Radio applications. 

This paper describes a simple sensor 
system designed for a balloonsat that was 
assembled and flown by high school stu-
dents during an intensive four-day summer 
camp experience. The camp was held on 

Figure 1 — This photo shows the high-
altitude balloon system shortly after launch. 

You can see the trail of payloads that are 
known as the “balloon train.”

the campus of Embry-Riddle Aeronautical 
University in Prescott, Arizona. The pur-
pose of the camp was to motivate students 
to consider pursuing careers in science and 
engineering, specifically in electrical and 
computer engineering. At the end of the 
camp, the students were given a written sur-
vey to complete. Student responses indicated 
that for the most part the objectives of the 
camp were achieved. Several students indi-
cated that the camp increased their interest 
in science and engineering topics, while one 

student stated a direct interest in studying 
electrical engineering upon graduation from 
high school. 

Figure 1 shows the high-altitude balloon 
system shortly after launch. The system con-
sists of a balloon, a parachute, and a string of 
payloads commonly referred to as the “bal-
loon train.”1 The balloon is typically a 1200 
to 1500 gram natural rubber meteorological 

Figure 2 — This photo shows a typical GPS/APRS position beacon with the case 
open and major components labeled.

1Notes appear on page 19.
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The purpose of the sensor system is to 
record sensor data taken during the ascent 
and descent of a balloonsat payload dur-
ing a high-altitude balloon flight. The data 
recorded during the flight includes the tem-
perature inside the payload, the external 
ambient temperature, the ambient atmo-
spheric pressure, as well as the voltage of the 
internal Lithium-ion Polymer (LiPo) battery 
supply. The balloonsat payloads also con-
tained still and video cameras that obtained 
breath-taking images from the edge of space. 
After recovery of the balloonsat payloads, 
the students were able to download and ana-
lyze the data in order to better understand 
the characteristics of the near-space environ-
ment. 

This article details the design and opera-
tion of the sensor package developed for the 
balloonsat payloads. Additionally, the article 
will discuss application of the APRS digital 
communications protocol in order to track 
the payload during flight, and facilitate pay-
load recovery after landing. Finally, the arti-
cle will review a selection of the sensor data 
and still images obtained during the flight of 
ERAU-06, which occurred the morning of 
June 29, 2011.

Sensor System Overview
Figure 3 presents an overview of the sen-

sor and data recording system. As shown in 
the figure, four sensors measure atmospheric 
pressure, internal and external temperature, 
and battery voltage during the flight. The 
output of each sensor drives an op amp sub-
tractor to remove the dc offset voltage and 
rescale the sensor readings so that they are 
within the 0 to 3.3 V data logger input range. 
The data logger digitizes the four analog volt-
ages at a sampling rate of 1 Hz and writes the 
data in table format onto a micro-SD card 
installed on the data logger board.

Sensor System Sub-Circuit Details
Data logger: The data logger used for the 

sensor system is a Logomatic v2, obtained 
from Sparkfun Electronics.3 See Figure 4. 
The Logomatic v2 digitizes analog volt-
ages between 0 and 3.3 V with a resolution 
of 10 bits, which is equivalent to 210 = 1024 
possible integer values (0 to 1023). This 
results in a resolution of 1/1023 bits × 3.3 V 
= 3.22 mV per bit. The Logomatic writes 
data to a microSD card installed on the 
circuit board. Additionally, the Logomatic 
includes a type B mini-USB connector, so the 
microSD card mounts on the desktop of a PC 
just like a standard flash drive. Once the drive 
mounts on the desktop it is straightforward 
to edit, copy or delete the data files from the 
PC desktop. Table 1 lists the configuration 
file used to initialize the data logger for this 

or “weather” balloon that inflates to a diam-
eter of 18 to 22 feet, and bursts at a diameter 
of approximately 22 to 27 feet. 2 The balloon 
train consists of individual payloads or “bal-
loonsats,” which are attached end-to-end 
using 10 to 15 foot lengths of high-strength 
nylon cord. The first and last payloads in the 
balloon train are usually position beacons 
containing a GPS receiver that determines 
position from the GPS satellite constella-

Figure 4 — This photo shows the Logomatic v2 purchased from www.sparkfun.com.

Figure 3 — Here is the block diagram of the sensor system, depicting the analog signal 
processing that occurs prior to digitization and recording of sensor data by the data logger.

tion and a packet transmitter that broadcasts 
that position using the Automatic Packet 
Reporting System (APRS). The balloon train 
includes multiple position beacons in order 
to improve the likelihood of recovering the 
payloads if an unanticipated structural or 
electrical failure occurs during flight. Figure 
2 is a close up view of a position beacon con-
structed for operation in the 70 cm Amateur 
Radio band.
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Table 1
Datalogger Configuration File. 
This file configures the datalogger 
for analog-to-digital conversion 
(MODE=2), in text format (ASCII=Y), 
at 1 sample/sec (Frequency=01), with 
four channels active (AD0.3=Y, etc.) 
and four channels disabled (AD1.3=N, 
etc.).  The other commands do not 
apply to ADC logging.  

MODE = 2
ASCII = Y
Baud = 4
Frequency = 01
Trigger Character = $
Text Frame = 100
AD1.3 = N
AD0.3 = Y
AD0.2 = Y
AD0.1 = Y
AD1.2 = N
AD0.4 = Y
AD1.7 = N
AD1.6 = N
Safety On = Y

application, along with a description of the 
more important control commands.

Analog Signal Processing: Analog sig-
nal processing of the output of each sensor 
is necessary in order to maximize the resolu-
tion of the recorded data. This design uses op 
amp difference amplifiers to level shift and 
scale the output of each sensor so that the 
output remains inside of the 0 to 3.3 V range 
of the data logger. See Figure 5. Since the 
input voltage to the data logger must remain 
positive, a single-supply quad op amp such 
as the LM324 is satisfactory.4 The LM224 
was selected for this application because it is 
capable of operating at temperatures as low 
as –40oC. The four independent op amps on 
the LM224 provide the ability to level-shift 
and scale the outputs from four different 
sensors.

Pressure Sensor: Atmospheric pres-
sure is determined with a Honeywell 
ASDXACX015PAAA5 0 to 15 PSI absolute 
pressure sensor.5 This sensor has a maximum 
sensor output of 4.58 V at 15 PSI, with a 
sensitivity of 0.267 V/PSI. The ambient 
pressure at the launch location (5000 feet) is 
approximately 12.23 PSI. This reduces the 
maximum expected sensor output voltage 
to 4.58 – 0.267 × (15 – 12.23) = 3.85 V. The 
minimum zero pressure offset voltage for 
the sensor is 0.42 V. Adding this value to the 
sensor voltage at the anticipated maximum 
altitude of 100,000 feet (0.162 PSI) gives the 
minimum sensor voltage of 0.42 + 0.162 × 
0.267 = 0.463 V. Thus, in order to maximize 
the resolution of the recorded data, the output 

Figure 5 — This graph shows the relationship between sensor output voltages and data 
logger input voltages. This illustrates the need to level shift and scale each sensor voltage in 

order to maximize the resolution of the recorded measurements.

Figure 6 — This is a schematic diagram of an op amp difference amplifier. This circuit 
amplifies the difference between the two input signals vsensor and voffset in order to level-

shift and scale the sensor output voltage

of the pressure sensor must be level shifted 
by 0.463 V and amplified by 3.3 / (3.85 – 
0.463) = 0.974 by the analog signal process-
ing circuit prior to digitization.

Temperature Sensor: Internal and exter-
nal temperatures are determined using the 
LM135 and LM335 precision temperature 
sensors.6 The LM335 operates from –40oC 
to 100oC, so it is suitable for obtaining inter-
nal temperatures, whereas the LM135 oper-
ates from –55oC to 150oC so it is suitable 
for obtaining external temperatures. Each 
device has a sensitivity of +10 mV/oC with 
maximum and minimum output voltages 
of 3.04 V and 2.92 V at 25oC. Assuming a 
maximum launch temperature of 80oF, or 
27oC, the maximum output voltage is 3.03 + 
(27 – 25) × 0.01 = 3.05 V. Assuming a mini-
mum temperature at altitude of –50oC gives 
a minimum output voltage of 2.92 – (25 – 
(–50)) × 0.01 = 2.17 V. Thus, the output of 

the temperature sensors must be level shifted 
by 2.17 V and amplified by 3.3 / (3.05 – 2.17) 
= 3.75 by the analog signal processing circuit 
prior to digitization.

Power Supply and Voltage Regulator: 
A lightweight, rechargeable 7.4 V LiPo bat-
tery provides sufficient capacity to power 
the sensor package for approximately five 
hours.7 Note that LiPo batteries require a 
recharging system specifically designed for 
this type of battery. (Do not recharge them 
with chargers designed for NiCd or NiMH 
batteries.) Additionally, an MC78L00A 5 V 
regulator establishes a constant voltage sup-
ply for the op amp difference amplifiers as 
well as providing a stable reference from 
which to establish the necessary offset volt-
ages8. 

Battery Monitor: The data logger 
records the voltage of the LiPo battery dur-
ing the flight in order to monitor the reduc-
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tion in battery voltage at colder temperatures. 
The battery voltage varies from a maximum 
of about 8.3 V when the battery is fully 
charged to approximately 6 V, at which the 
MC78L00A 5 V voltage regulator drops out. 
Level shifting by 5 V gives a maximum volt-
age of 8.3 – 5 = 3.3 V and a minimum voltage 
of 6 – 5 = 1 V. In this case, no additional scal-
ing was necessary, since this is a satisfactory 
resolution for this application.

Op Amp Difference Amplifier Design
Figure 6 gives the schematic diagram of 

a general difference amplifier.9 This circuit 
amplifies the difference between two input 
voltages, so it is useful for performing the 
analog signal processing necessary to inter-
face the output of each sensor to one input 

Figure 8 — This schematic shows the final design of the difference 
amplifier that processes voltage from the pressure sensor.

Figure 9 — Here is the final design of the difference amplifier that 
processes voltage from the temperature sensor.

channel of the data logger. The mathematical 
relationship between the output voltage, v0, as 
a function of the input voltages v1 and v2 and 
the resistors R1 – R4 is given by Equation 1.
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If the offset voltage is applied to v1, the 
sensor output voltage is applied to v2, and the 
ratio R2 / R1 selected properly, the difference 
amplifier is able to accomplish the level shift-
ing and scaling necessary to interface each 
sensor to the data logger. Inverting Equation 
2 yields Equation 3, which allows recovery 
of the original sensor voltage v2 from the 
digitized voltage vo. 
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As discussed in the next section, R1 is 
actually a Thevenin equivalent resistance 
that may not be readily available as a stan-
dard resistor value for R2. Thus, a more 
general result requires inverting Equation 1 
to solve for the sensor voltage v2, given with 
Equation 4.
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Design of Offset Voltage Sources
Voltage sources are required to provide 

the proper offset voltage (v1 in Figure 6) for 
each sensor, as discussed earlier. For this 
design a simple voltage divider was applied 
to reduce the +5 V provided by the voltage 
regulator. See the top circuit in Figure 7. 
Comparing the Thevenin equivalent circuit 
of the voltage divider (bottom circuit of 
Figure 7) with the series combination of the 
voltage source v1 and the resistance R1 in 
Figure 6 demonstrates that
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Table 2
List of standard resistor values RA, RB, R2, R3, and R4 for design of op amp analog 
signal processors along with the resulting voltage gain, AV,  and offset voltage, 
v1,  produced for each choice.

Case RA RB RA||RB = R1 R3 R2 = R4 Av = R4/R3 v1 = voffset

 (k ) (k ) (k ) (k ) (k ) (V/V) (V)
Pressure 47 3     2.82 2.7 2.4   0.889 0.3 
Temperature 18 12   7.2 7.5 22 2.93 2.0 
Voltage 10 10 5 10 10 1  5

Figure 7 — At the top is the schematic 
diagram of the offset voltage source, with its 
Thevenin equivalent circuit on the bottom. 
Comparing the Thevenin equivalent circuit 

with v1 and R1 in Figure 6 shows the effects 
of Equations 5 and 6, which are also shown 

on the right side of this diagram.
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and

R1 = RA | | RB                                                     [Eq 6]

Since only standard resistor values were 
available, it is not possible to obtain the 
exact offset voltages and gains for each 
sensor derived previously. This situation 
is reflected in Table 2, which shows the 
offset voltage, v1, and scaling factor for the 
temperature, pressure, and voltage sensor 
as functions of the resistors RA, RB, R2, R3 
and R4. Referring to this table, columns 2 
and 3 give the values for resistors RA and 
RB, column 4 shows the equivalent value of 
RA || RB, while column 5 shows the nearest 
standard resistor value to the adjacent value 
shown in column 4. Continuing to refer to 
the table, column 6 gives the standard value 
for resistor R2, which equals resistor R4, 
while columns 7 and 8 give the scaling fac-
tor and offset voltage that result from these 
design choices. It is important to note that 
even though the constraint  R1/R2 = R3/R4 
no longer applies, the sensor voltage is still 
recoverable uniquely through application of 
Equation 4. A slight loss of resolution does 
occur because the amplitude scaling factors 
of 0.889 and 2.93 V/V shown in Table 2 are 
somewhat smaller than the ideal scaling fac-
tors of 0.974 and 3.75 derived in the previous 
section.

Difference Amplifier Simulation
Figure 8 shows the difference amplifier 

circuit of Figure 6, using resistor values 
from the first row in Table 2 for processing 
the output of the pressure sensor. Figure 9 
shows the difference amplifier circuit, Figure 
6, using resistor values from the second row 
in Table 2 for processing the output of the 
temperature sensor. Figure 10 shows the 
difference amplifier output voltage obtained 
byPSpice circuit simulations of Figs. 8 and 9 
when the appropriate sensor output voltage 
range is applied to each circuit.10 Maximum 
resolution is obtained when the amplifier 
output ranges between 0 and 3.3 V as the 
sensor output voltage ranges between its 
minimum and maximum values. Review 
of Figure 10 demonstrates that the goal of 
performing analog signal processing on the 
sensor output voltages so that they remain 
within the 0 –3.3 V input range of the data 
logger was achieved. 

As a final check of the design of the ana-
log signal processing circuit, Equation 4 was 
applied to recover the temperature sensor 
voltage from the simulated difference ampli-
fier output, in order to verify that Equation 
4 is correct. Figure 11 gives this result and 
shows an exact correspondence between 
the sensor voltage with the voltage recov-
ered after applying Equation 4. An identical 

Figure 10 — This graph is a plot of the output voltages from the simulation of the difference 
amplifier circuits shown in Figures 6 and 7. This plot shows that the output of the difference 

amplifier remains between 0 to 3.30 V as the output of the pressure sensor ranges from 
0.463 V to 3.85 V and the output of the temperature sensor ranges from 2.15 V to 3.06 V.

Figure 11 — Here is the output of the temperature sensor versus the calculated temperature 
sensor output obtained by applying Equation 4 to the output voltage produced by 
the simulation of the difference amplifier circuit. The figure demonstrates the exact 

correspondence of the calculated result to the original sensor output voltage.
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Figure 12 — Here is a 
photo of the front (left 
side) and back (right 
side) of the sensor 

system circuit board. 
The photo of the back 

of the board shows 
how the Logomatic v2 
board was mounted as 
a daughterboard using 

the sensor system 
circuit board as the 

motherboard.

Figure 13 — Students assembled the sensor system circuit boards under the watchful eye of 
a veteran instructor.

Figure 14 — Balloonsat 
payloads were constructed 

by folding 3⁄8 inch thick foam-
core board into a cube shape 
approximately 6 inches on a 

side. The cubes were covered 
with adhesive-backed 
aluminum tape and the 

interior filled with automotive-
type foam to provide 

insulation from both thermal 
and mechanical shocks.

procedure was followed to verify that the 
pressure sensor voltage was also properly 
recovered.

Circuit and Balloonsat Construction
A custom printed circuit board was 

designed and manufactured for the sensor 
system.11 The left side of Figure 12 shows the 
analog signal processing circuitry installed 
on the front side of the printed circuit board. 
The right side of Figure 12 shows that the 
back side of the printed circuit board served 
as a motherboard to which the Logomatic v2 
was installed as a daughterboard using low-
profile connection sockets and terminal pins. 
This approach allowed for separate verifica-
tion of the sensor system and data logger 
prior to mating them together and testing 
the entire assembly. This was important 
because most of the students who assembled 
the circuits had little or no prior experience 
in electronic circuit construction.Thus, it 
was important to verify circuit functionality 
frequently during the construction phase. 
Figure 13 is a photograph taken during the 
construction phase of the project.

Figure 14 is a photo that was taken look-
ing down at the top of a balloonsat payload. 
The balloonsats were constructed by cutting 
a cross-shaped pattern out of 3⁄8 inch thick 
foam-core board, which was then folded up 
to form a cube approximately 6 inches on 
each side. The joints of the cube were hot 
glued together and the entire cube covered in 
adhesive-backed aluminum tape in order to 
provide a rigid structure. The interior of the 
cube was filled with pieces of ½ inch thick 
automotive-type sound insulating foam to 
provide both for thermal insulation as well as 
to cushion the components against mechani-
cal shock. Voids were left in the foam pack-
aging to provide space for the sensor system, 
batteries, a small electric heater, and either a 
video or still camera.

Preflight Environmental Testing
In order to simulate the extreme condi-

tions encountered by the balloonsat in the 
near-space environment, as well as verify 
the functionality of the sensor system, 
thermal and vacuum tests were conducted 
prior to the flight. Figure 15 shows the bal-
loonsats stacked in the vacuum chamber 
ready for testing. Once the door is closed 
and the chamber is sealed a vacuum pump 
is started, which evacuates the air from the 
chamber simulating a “flight” up to an alti-
tude of 100,000 feet. Next the vacuum pump 
is switched off and a small valve opened to 
allow the air pressure to return to the ambient 
state in order to open the door and retrieve 
the balloonsats. 

Next, the balloonsats were placed in a 
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Figure 17 — Four students act as “handlers” to stabilize 
the balloon during inflation. The balloon is tethered to 

15 pounds of weights to give an approximate indication of 
the amount of lift the balloon provides.

Figure 16 — Balloonsat payloads were placed in a thermal 
chamber, which was cooled to approximately –40°C to simulate the 
temperatures encountered during flight through the trophosphere.

Figure 15 — Balloonsat payloads were placed in a vacuum chamber 
from which the air was evacuated to simulate a flight to 100,000 feet.

thermal chamber in order to simulate the 
sub-zero temperatures encountered during 
flight in the troposphere. See Figure 16. 
Thermal tests were important to verify that 
the small onboard electric heater had suf-
ficient capacity to maintain the balloonsat’s 
internal temperature such that the LiPo bat-
tery voltage did not drop below the mini-
mum voltage necessary to power the sensor 
system.

During the approximately 1 hour long 
environmental tests, the sensor system and 
data logger were enabled in order to record 
the temperatures and pressures that the bal-
loonsat encountered, as well as to monitor 

the voltage of the onboard LiPo battery dur-
ing testing.

Balloon Tracking and Recovery  
using Position Beacons

The balloon train includes one or more 
APRS position beacons, in order to facili-
tate tracking of the balloon during flight and 
recovery of the balloonsat payloads after 
landing. Figure 2 shows one of the track-
ers. The position beacons are enabled prior 
to launch to verify their functionality using 
portable or mobile receivers tuned to the 
appropriate APRS frequency. Next, the bea-

cons are inserted into the balloon train along 
with the other balloonsat payloads, attached 
to a properly inflated meterological balloon, 
and then released for flight. Figure 1 shows 
the whole system ascending.

In the APRS digital communications 
protocol digital repeaters (digipeaters) 
receive and rebroadcast APRS packets, while 
Internet gateway stations (iGates) transfer 
the packets to the Internet. Once the balloon 
has ascended to an altitude so that position 
beacon broadcasts are received by an iGate, 
the balloon’s position and altitude are avail-
able to anyone by entering the callsign of 
the appropriate beacon at http://aprs.fi. 
Additionally, APRS packets are digipeated 
as long as the altitude of the balloon allows 
for digipeater reception.

Prior to launch the approximate landing 
location for the balloonsat payload is pre-
dicted based on forecast winds aloft and an 
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estimate of the balloon burst altitude. Based 
on this position estimate, one or more mobile 
recovery teams equipped with GPS enabled 
APRS receivers are stationed on high terrain 
in the recovery area as the balloonsat pay-
loads return to the surface under parachute. 
This is necessary because the final position 
beacon broadcasts prior to landing are nor-
mally terrain masked from the digipeater 
and are not retransmitted. The goal of the 
recovery team is to position themselves so 
that they receive the final position beacon 
transmissions before landing. This will mini-
mize the search area if the position beacons 
are disabled by a hard landing or rough ter-
rain or inclement weather prohibits immedi-
ate recovery of the payloads before beacon 
power is exhausted.

Once the payload has landed the recovery 
teams follow distance and direction informa-
tion provided by a GPS enabled APRS por-
table receiver to the final location transmitted 
by the position beacon. The best-case sce-
nario is that one or more position beacons are 
still in operation at the landing location and 
the recovery team is within range to receive 
these packets containing the actual location 
of the payload. Payload recovery is easy in 
this case since the recovery team can literally 
walk or drive to within a few meters of the 
actual location of the payloads. 

The situation quickly becomes more 
complicated and recovery of the payload is 
problematic if one or more of the following 
occurs: Failure to capture the final position 
beacon packets by the recovery team, failure 
of the beacons during flight or after land-
ing, landing in rough terrain or inclement 
weather, inaccurate forecast of surface winds 
or winds aloft, separation of one or more of 
the balloonsats from the balloon train during 
flight, and many other difficulties that space 
constraints preclude listing.

Sample Flight Images and Data
Wednesday morning, June 29, 2011 a 

high altitude balloon designated ERAU-06 
(Embry-Riddle Aeronautical University-06) 
was launched from the Embry-Riddle cam-
pus in Prescott, AZ, shortly after 8:30 AM 
local time. The balloon payload consisted 
of the four student-constructed balloonsats, 
along with three position beacons that peri-
odically transmitted position information 
using APRS. Figure 17 shows the balloon 
during inflation while Figure 18 shows an 
image taken at an altitude of approximately 
1000 feet by an onboard camera carried by 
one of the balloonsats shortly after launch. 
Figure 19 shows an image of the cloud layer 
recorded by a camera as the balloon ascends 
through the stratosphere. Figure 20 shows 
an image taken by a camera immediately 
following the “post burst chaos” that ensues 

Figure 18 — This is one of the first images captured after launch. It shows a panoramic view 
of the Embry-Riddle Prescott campus as well as Willow Lake just east of campus.

Figure 19 — Here is a photo taken from high in the stratosphere of clouds  
over northern Arizona.

Figure 20 — This near-space image 
was captured shortly after the balloon 
burst at an altitude of approximately 

86,000 feet. The curvature of the earth 
as well as the blackness of space are 

clearly visible in this image.
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after the balloon bursts.
The balloonsat payloads and position 

beacons were recovered intact near the final 
position location, as shown in Figure 21. The 
sensor systems and cameras were powered 
down after recording data and images for 
approximately 4½ hours. All sensor systems 
and cameras appeared to operate normally 
and over 1 MB of data, hundreds of still 
images, and several hours of video images 
were recovered from the flight.

Figure 22 shows a two-dimensional 
depiction of the flight created by plotting 
GPS flight data on a Google map.12 The GPS 
flight data shows that the balloon ascended 
through the trophosphere in a generally 
northeasterly direction until easterly winds 
were encountered in the stratosphere, which 
directed the balloon almost due west. Once 
the balloon burst it again drifted in a gener-
ally northeasterly direction while parachut-
ing through the trophosphere until landing 
on national forest land approximately 5 miles 
north of Williams, Arizona.

Figure 23 is an example of the data gen-
erated by one balloonsat’s sensor systems 
before, during, and after the flight. The top 
panel depicts the battery voltage versus time. 
The flat spot at the beginning of the curve is 
due to the voltage of a freshly-charged LiPo 
battery exceeding the maximum of 8.3 V the 
system was designed to measure. Once the 
battery voltage falls below 8.3 V, the curve 
shows a gradual reduction in voltage as the 
battery discharges. 

The middle panel in Figure 23 depicts 
the internal and external temperatures 
recorded before, during, and after the flight. 
Upon power up the two temperatures are 
almost identical, but the internal temperature 
quickly shows a steady increase in tempera-
ture due to the small electric heater inside the 
balloonsat container. About 45 minutes after 
power up, launch occurs and the external 
temperature decreases steadily to a minimum 
of about –40°C as the balloonsat ascends 
through the trophosphere. The thermal mass 
of the balloonsat package, along with the 
heat produced by the internal heater, delays 
the decline of the internal temperature and 
limits its minimum value to approximately 
0°C. Once the balloonsat encounters the 
stratosphere, ambient temperatures begin to 
increase with increasing altitude until they 
reach a maximum temperature of approxi-
mately 0°C. 

Approximately 2½ hours after sensor 
system power up the balloon bursts and 
the process is reversed. As the balloonsat 
parachutes down through the stratosphere 
temperatures plunge from 0°C to –40°C at 
the top of the troposphere. After this, tem-
peratures rise steadily while the balloonsat 
parachutes through the trophosphere to the 

Figure 22 — This two-dimensional depiction of the flight of ERAU-06 on June 29 2011 was 
generated by plotting GPS data on a Google Earth map. You may view this flight by searching 

for “N7ERU-12” on 29 June 2011 at http://aprs.fi. (See Note 12.) This map shows the launch 
point near Prescott, Arizona, the burst elevation near 85,568 feet, as well as the landing 

location approximately five miles north of Williams, Arizona.

Figure 21 — During landing 
the balloon train became 
entangled in a dead tree. 
None of the balloonsat 

payloads sustained 
much noticeable damage, 

however.
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Figure 23 — These three graphs represent data recovered from one of the balloonsats during 
the flight of ERAU-06 on 29 June 2011. The top panel depicts battery voltage versus flight 

time. The middle panel shows internal and external temperature versus flight time. The bottom 
panel shows altitude computed from air pressure readings versus flight time. Results from 

the other three balloonsats were similar to those presented in this figure.

surface of the Earth. After landing, the inter-
nal heater, along with the afternoon Arizona 
sun, overcomes the thermal mass of the 
balloonsat payload and increases the inter-
nal temperature well above the maximum 
value of approximately 38°C the system was 
designed to record. This limitation produces 
the flat spot on the internal temperature curve 
that is clearly visible after landing.

The bottom panel in Figure 23 shows 
the altitudes recorded before, during, and 
after the flight. The launch site elevation 
was approximately 5000 feet, so this value 
was used to calibrate the altitudes computed 
from the measurements that followed. The 
altitude curve clearly depicts balloon launch 
at approximately 48 minutes after sensor sys-
tem power up. After that the balloon ascends 
at a relatively constant rate of approximately 
900 ft/min until burst at a measured alti-
tude of approximately 90,000 feet, about 
2½ hours after power-up (compared with a 
maximum altitude of 85,568 feet reported by 
the position beacon). The curve then depicts 
the decrease in altitude as the balloonsat 
returns by parachute at an average descent 
rate of 2000 ft/min. The balloonsat payloads 
landed on the Earth’s surface at a measured 
altitude of approximately 6300 feet (com-
pared with an altitude of 6519 feet reported 

by the position beacon). In this case, the 
altitude measurements taken at burst and 
landing were within 5% or better of the GPS 
positions, which seems satisfactory for such 
a simple system. The results from the other 
three balloonsats were similar to those pre-
sented here.

Conclusion and Future Opportunities
The data returned from the flight of 

ERAU-06 validated the sensor system 
design methodology. Given the modest size 
and weight requirements for the balloonsat 
payloads, a low-power, light-weight sensor 
system with a very small form factor was 
required. The approach described in this 
article successfully met these constraints.

Finally, many opportunities exist for fur-
ther expansion of the sensor system. One of 
the most interesting possibilities is to incor-
porate a low-power packet-radio transmitter 
that would broadcast sensor system measure-
ments periodically during flight. This would 
provide students with real-time snapshots of 
the atmospheric conditions and system status 
during the flight. Successfully introducing a 
more complex system will require rethinking 
how to go about the construction and testing 
phases in order to keep the project within 
the capability of high school students, the 

patience of the instructors, as well as within 
the time constraints of the program.
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Notes
1For information about the parachute recovery 

system used, see: www.the-rocketman.
com/recovery.html.

2Scientific Sales is one source for weather 
balloons. See www.scientificsales.
com/8244-Weather-Balloon-1200-Grams-
Natural-p/8244.htm.

3Sparkfun Electronics has many electronics 
experimentation projects. For the datalogger 
board, see: www.sparkfun.com/prod-
ucts/10216.

4The data sheet for the LM324 series of 
op amps is available on the National 
Semiconductor website. www.national.
com/mpf/LM/LM324.html#Overview.

5Information about the Honeywell pressure 
sensor is available at: http://sensing.
honeywell.com/index.php/ci_id/45330/
la_id/1/document/1/re_id/0.

6You can find information about the Texas 
Instruments temperature sensors at: www.
ti.com/lit/ds/symlink/lm135.pdf.

7Lithium ion polymer batteries provide a very 
lightweight power source for the balloonsat 
electronics. For one source of battery 
packs, see www.electrifly.com/batteries/
batteries-lipo.html.

8You can find more information about the 
voltage regulator used with the sensor 
electronics package at: www.onsemi.com/
pub_link/Collateral/MC78L00A-D.PDF.

9Charles K. Alexander and Matthew 
N.O. Sadiku, Fundamentals of Electric 
Circuits, 4th Edition, McGraw Hill, Boston, 
Massachusetts, 2009.

10You can download a student version of 
PSpice at www.electronics-lab.com/
downloads/schematic/013/.

11ExpressPCB is a convenient way for 
electronics experimenters to design and 
purchase circuit boards. See www.express-
pcb.com.

12See http://aprs.fi/?call=N7ERU-12. There 
are tracks available on the map for N7ERU-
11, N7ERU-12 and N7ERU-13, which are 
all APRS beacons used on balloon flights. 
Along the right side of the screen, select the 
2011 tab, then select the 2011/6 date and 
that will bring you to the track for the June 
29th balloon flight.
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More Octave for L-Networks

In this installment of our Octave lessons, we continue to learn about 
impedance matching with L-Networks.

Orientation of L-Networks
In “Octave for L-Networks” we used 

GNU Octave to design L-networks for 
impedance matching.1,2 We discovered 
that the rule requiring the series arm of the 
L-network to interface the lower of the two 
impedances to be matched applies strictly 
only to the matching of resistive termina-
tions.3,4 We found that if the impedance that 
interfaces the parallel arm of the L-network 
is complex, then the network may, in at least 
some cases and with revised series and par-
allel elements, be reversed successfully.

But how significant is this departure 
from the rule? If it takes the addition of a 
large reactive component to achieve a minor 
change in the ratio of resistances involved in 
the usual rule, then it probably isn’t worth-
while to pursue it. If, though, a relatively 
small reactive component of impedance 
allows the reversal of the L-network over at 
least a moderate range of ratios of resistive 
impedance components, then we might find 
it useful to think about the matter.

Conditions for Reversing an 
L-Network

Let’s start by considering what needs 
to happen to allow an impedance match 
when the resistance ratios are “wrong.” 
For the moment, we’ll assume that we 
want to achieve a resistive match on the 

source side of the circuit in Figure 
1. From Equation 4 of “Octave for 
L-Networks,” we know that the 
requirement for matching with lin-
ear, passive, reactive elements in the 
L-network is:

0 <= rt2 + xt2 – rs × rt            [Eq 1]

where the variables in Equation 1 are 
elements of the circuit of Figure 1.5 
We’d like to find a way to discrimi-
nate between reversible impedance 
ratios and irreversible ratios, so we’ll 
begin by converting Equation 1 to an 
equality:

0 = rt2 + xt2 – rs × rt                [Eq 2]

Next, we’ll divide through by rt2 and 
rearrange terms:1Notes appear on page 23.

Figure 1 — This schematic diagram shows 
the use of an L-Network to match the source 

impedance to the load impedance. Figure 2 — This graph illustrates the 
reversibility of an L-Network.

Table 1

Octave Code

#!/usr/bin/octave
xt_o_rt = linspace(0, 5, 100);
rs_o_rt = 1 .+ xt_o_rt .^ 2;
plot(xt_o_rt, rs_o_rt, ‘0’);
grid(“on”)
xlabel(“RATIO xt / rt”)
ylabel(“RATIO rs / rt”)
title(“REVERSIBILITY OF L-NETWORK”)
text(1.5, 17, “IRREVERSIBLE REGION”)
text(3.0, 4.0, “REVERSIBLE REGION”)
pause;
exit;
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Table 2
Octave Code
#!/usr/bin/octave
#
printf(“\n\n      OCTAVE L-NETWORK DESIGN SCRIPT”);
rt = input(“\n\n  ENTER TERMINATING RESISTANCE: “);
xt = input(“   ENTER TERMINATING REACTANCE: “);
rs = input(“       ENTER SOURCE RESISTANCE: “);
xs = input(“        ENTER SOURCE REACTANCE: “);
a = rs - rt;
b = 2 * rs * xt;
c = rs * rt ^ 2 + rs * xt ^ 2;
reversed = 0;
if ((b ^ 2 - 4 * a * c) < 0)
   reversed = 1;
   rtemp = rt;
   rt = rs;
   rs = rtemp;
   xtemp = xt;
   xt = xs;
   xs = xtemp;
   a = rs - rt;
   b = 2 * rs * xt;    
   c = rs * rt ^ 2 + rs * xt ^ 2;
endif
if (rt == rs)
   printf(“\n  L-NETWORK NOT SUITABLE FOR MATCHING\
 IDENTICAL SOURCE AND LOAD RESISTANCES.  \n\n”);
 exit;
else
   xnp = (-b + sqrt(b ^ 2 - 4 * a * c)) / (2 * a);
   zn = (1j * xnp * (rt + 1j * xt)) / (1j * xnp + rt + 1j * xt);
   xns = -imag(zn);
   if(reversed == 0)   
      printf(“\n\n         *** FIRST OPTION: SERIES LEG TOWARD SOURCE ***”);
   else
      printf(“\n\n         *** FIRST OPTION: SERIES LEG TOWARD LOAD ***”);
   endif
   printf(“\n    SERIES ELEMENT REACTANCE = %g”, (xns + xs));
   printf(“  PARALLEL ELEMENT REACTANCE = %g\n”, xnp);
   xnp = (-b - sqrt(b ^ 2 - 4 * a * c)) / (2 * a);
   zn = (1j * xnp * (rt + 1j * xt)) / (1j * xnp + rt + 1j * xt);
   xns = -imag(zn);
   if(reversed == 0)
      printf(“\n        *** SECOND OPTION: SERIES LEG TOWARD SOURCE ***”);
   else
      printf(“\n\n         *** SECOND OPTION: SERIES LEG TOWARD LOAD ***”);
   endif
   printf(“\n    SERIES ELEMENT REACTANCE = %g”, (xns + xs));
   printf(“  PARALLEL ELEMENT REACTANCE = %g”, xnp);
   printf(“\n\n”);
  endif
if (rs / rt <= (1 + (xt / rt) ^ 2))
   a = rt - rs;
   b = 2 * rt * xs;
   c = rt * rs ^ 2 + rt * xs ^ 2;
   if ((b ^ 2 - 4 * a * c) >= 0)
      xnp = (-b + sqrt(b ^ 2 - 4 * a * c)) / (2 * a);
      zn = (1j * xnp * (rs + 1j * xs)) / (1j * xnp + rs + 1j * xs);
      xns = -imag(zn);
      printf(“         *** THIRD OPTION: SERIES LEG TOWARD LOAD ***”);
      printf(“\n    SERIES ELEMENT REACTANCE = %g”, -(xns + xt));
      printf(“  PARALLEL ELEMENT REACTANCE = %g\n”,-xnp);
      xnp = (-b - sqrt(b ^ 2 - 4 * a * c)) / (2 * a);
      zn = (1j * xnp * (rs + 1j * xs)) / (1j * xnp + rs + 1j * xs);
      xns = -imag(zn);
      printf(“\n *** FOURTH OPTION: SERIES LEG TOWARD LOAD ***”);
      printf(“\n SERIES ELEMENT REACTANCE = %g”, -(xns + xt));
      printf(“  PARALLEL ELEMENT REACTANCE = %g\n”, -xnp);
      printf(“\n\n”);
   endif
endif
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rs / rt = 1 + (xt / rt)2                      [Eq 3]

We now have the boundary between revers-
ible and irreversible ratios rs/rt expressed as 
a function of the ratio of the reactive to real 
components of the terminating impedance as 
shown in Figure 1. We’ll calculate this over 
an arbitrary range using the Octave code in 
Table 1. The result is plotted in Figure 2.

We can see that at the left end of the curve, 
as xt drops to zero, the value of rs/rt drops to 
1, as we would expect, because this supplies 
the condition that rs < rt when both imped-
ances to be matched are real.6 

Note that, as the reactive to real ratio of the 
terminating impedance rises, the permissible 
ratio of resistive components rises as just one 
more than its square. This means that a mod-
erately reactive load, say a short antenna, will 
allow for reversal of the L-network, should the 
need arise, over a significant range of imped-
ance ratios. Since xt is squared in Equation 3, 
it doesn’t matter in Figure 2 whether xt is posi-

tive (inductive) or negative (capacitive).
We might have drawn a horizontal line 

across Figure 2 at rs/rt =1, but we omit-
ted it for clarity. Such a line would specify 
a range of values for which the L-network 
is not the proper matching device. A series 
reactance alone will suffice to match two 
impedances whose real parts are equal. We 
might alternatively think of such a match as 
being accomplished by an L-network whose 
parallel reactance is infinite in value. In the 
Octave code in “Octave for L-Networks,” we 
ignored the case of rs = rt for simplicity.

In addition, the region below rs/rt = 1 
isn’t of much interest to us, at present, as it 
represents a region of impedance ratios that 
we already know are all usable, because they 
all feature a resistive component of imped-
ance on the series side of the L-network that 
is lower than that on the parallel side.

What if both impedances to be matched 
are complex? Note from Figure 1 that rs 
is in series with xs, which is in series with 

xns. If xs is other than zero, a match can be 
implemented by offsetting that value in xns. 
The ratios and regions of Figure 2 are thus 
completely general and apply whether or not 
both source and terminating impedances are 
complex.

Testing the Method
Let’s consider a short antenna with an 

input impedance of 25 – j85 . We’d like 
to match this to a 50  transmission line. 
Can we use the L-network in either direc-
tion, choosing the direction to optimize the 
Q of the elements, or to favor a particular 
geometry? The ratio xt/rt in this case equals 
3.4. Using either Equation 3 or Figure 2, 
we find that the permitted resistance ratio  
rs / rt is 12.6. Since the ratio in our case is 
only 2.0, we will certainly be able to reverse 
the network if we choose to do so. If we use 
the Octave code in “Octave for L-Networks” 
to calculate the L-network reactances for this 

Figure 3 — This chart is Figure 5.57 in the 2012 edition of The ARRL Handbook. L-Networks will match a complex impedance (shown here 
as ZDEV, the output impedance of a device) to Z0, a resistive source or load. Impedances in the shaded portion of the simplified Smith Chart 

cannot be matched by the network. Z1 represents the impedance that is transformed from ZDEV by the series element.
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ure 2 gives us assurance that such networks 
may often be oriented in either direction over a 
wide range of possible source and load imped-
ances. 

The code in Table 2 supplements that from 
Table 1 in “Octave for L-Networks” to include 
additional network designs that take advantage 
of the “reversed” direction of the L-network. 
The resulting code provides a general design 
method for L-networks that will handle real or 
complex source and load impedances without 
restriction as to ratio.
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Notes
1Maynard Wright, W6PAP, “Octave for 

L-Networks,” QEX, Mar/Apr, 2011, pp 44-46.
2 You can download the latest version of the 

GNU Octave files at www.octave.org.
3 H. Ward Silver, NØAX, Ed, The ARRL 

Antenna Book, 22nd, The American Radio 
Relay League, 2011, pp 24-4 and 24-5.

4 H. Ward Silver, NØAX, Ed, The ARRL 
Handbook for Radio Communications, 
2012, The American Radio Relay League, 
Inc. 2011, Sections 5.6.1 and 20.4.2.

5 In “Octave for L-Networks,” we used a “less 
than” symbol rather than “less than or equal 
to” in Equation 4, which is the source of 
Equation 1 here. The use of “less than” 
wasn’t exact, but it eliminated the need to 
consider the case where rs = rt, a case that 
cannot be matched by an L-network using 
finite element values. Here we’re consider-
ing the possibilities for matching imped-
ances over a range of complex values and 
we’ll treat the rs = rt case separately.

6 Note that the line between regions in 
Figure 2 is included in the “reversible”  
region except at the point xt / rt = 0, rs /
rt = 1. At that point, the source and load 
resistances are equal and the L-network is 
not the right matching vehicle for reasons 
explained in the text and in Note 5.

7 The paths we’re considering here are from 
our normalized point 0.0696 – j0.4174 
on the Smith Chart and not the example 
paths shown in Figure 5.57 of The ARRL 
Handbook.

8The Octave code files for this article are 
available for downloading from the ARRL 
QEX files website. go to www.arrl.org/qex 
files and look for the file 5x12_Wright.zip.

case, we’ll see that we can successfully orient 
the L-network in either direction.

More Configurations
While looking at various examples, we 

notice that the two configurations returned by 
the Octave code in “Octave for L-Networks” 
for a low-resistance, high-reactance load 
often omit the series L, parallel C, configura-
tion that we might favor for low-pass filtering 
of harmonics. Does this mean that we will 
often run into impedances we can’t match if 
we build a tuner using that geometry?

Let’s think a bit about our example 
in “Octave for L-Networks.” We used a  
230  resistive source and a load of 16 – j96 

. If we want to plot the load impedance on a 
Smith Chart relative to the source, we would 
use a normalized impedance of (16–j96) /
230 = 0.0696 – j0.4174 . If we plot that 
point on a Smith Chart and then examine the 
array of simplified Smith Charts in Figure 
5.57 of the 2012 ARRL Handbook,3 we’ll 
find that the two solutions yielded by our 
Octave code for the example L-network 
fit Figures 5.57(B) and (F). [Figure 3 here 
is a reproduction of the Handbook Figure, 
for the convenience of our readers. — Ed.] 
For both of those Figures, our normalized 
impedance falls within the unshaded “per-
missible” region of each simplified Smith 
Chart. The small L-networks associated 
with those drawings correspond to the reac-
tances calculated by the code in “Octave for 
L-Networks.”

Note, though, that Figures 5.57(C) and 
(H) also put our normalized impedance in an 
area that is usable. There are thus four pos-
sible solutions for an L-network to match our 
impedances. The L-network geometry asso-
ciated with Figure 5.57(C) features a series L 
and a parallel C, just what we want. Figures 
5.57(C) and (H) represent networks that are 
reversed with respect to Figure 1 of this arti-
cle. That is, the series leg of the L-network is 
adjacent to the load in each of those two net-
works. How do we solve for the reactances 
we need to implement those Figures? 

We might proceed as we did in “Octave 
for L-Networks” and set up a series of 
Equations to solve for xns and xnp. This 
ought to be possible, but with the parallel ele-
ment of the L-network toward the source, the 
Equations feature a term xns × xnp, compli-
cating matters a bit. We’ll try something else.

If we compare Figures 5.57(B) and (C), 
we see that in (B), the parallel inductor first 
rotates the impedance counterclockwise 
around a circle tangent to the point 0, 0 on 
the Smith Chart. In (C), the parallel capaci-
tor first rotates the impedance clockwise 
around a circle tangent to the point 0, infinity. 

We notice a sort of mirror-image symme-
try between the two, which won’t be exact 
depending on the location of the starting 
normalized impedance on the Smith Chart. 
The second “legs” of the impedance transfor-
mation also resemble each other in the same 
manner, moving the impedances in opposite 
directions around circles situated on opposite 
sides of the Smith Chart and terminating at 
Z0, 0 in each case.

This suggests that we might duplicate the 
impedance transformation of 5.57(B) using 
(C) by reversing the network and reversing 
the signs of both reactances. We’ll try this by 
running the code in “Octave for L-Networks” 
in reverse, using the source as the load and 
vice versa using the following inputs:

rs = 16 
xs = –96  
rt = 230 
xt = 0 

The result is a network corresponding to 
that shown in 5.57(D) with a series reactance 
of – j154.515  and a parallel reactance of 
+ j62.8899 . We’ll reverse the polarities of 
the network elements and use it as is, with the 
source and load as they were specified origi-
nally. An input impedance calculation shows 
us that we have produced a third L-network 
that matches our two impedances. We can 
then do the same with the second solution 
to the Quadratic Equation and produce a 
network that corresponds to Figure 5.57(H).

We’ve modified the code from Table 1 of 
“Octave for L-Networks” to test for revers-
ibility and to then calculate the reactances 
of the two additional networks when pos-
sible and that code is listed in Table 2 in this 
article.8 We’ve also added a trap to print a 
diagnostic message when the code is used 
to try to match two impedances that have the 
same resistive component. An L-Network is 
not required for such a match, just a series 
reactance, and attempting to calculate an 
L-network for that match will result in a 
divide by zero error as the Octave code 
attempts to make the parallel leg an infinitely 
high reactance.

In addition, we’ve added statements to 
the output to indicate the orientation of the 
L-network (series leg toward source or load) 
as we can now design networks that use 
either or both configurations.

As in earlier articles in this series, we’ve 
omitted comments embedded in the code for 
brevity.

Conclusions
We might not very often need to determine 

the exact boundary between “reversibility” 
and “irreversibility” of an L-network, but Fig- 
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A Closer Look at Vertical 
Antennas With Elevated 
Ground Systems—Part 2

N6LF shares his results from further HF vertical antenna experiments.

[Part 2 concludes this article, which began 
in the Mar/Apr 2012 issue of QEX. — Ed.]

Multiband Verticals
For a single band antenna we can avoid 

the problems of long radials by simply using 
radials that are short enough or by increas-
ing the number of radials, but what about the 
case of multiband antennas where you typi-
cally have four /4 radials for each band? For 
example, if you have 40 m /4 radials, these 
will be /2 on 20 m, ¾  on 15 m, and so on. 
In light of the information we found for Ga 
as a function of L in Part 1, is that a prob-
lem? I don’t have the space here to explore 
it in detail with modeling, but I have looked 
at multiband elevated verticals experimen-
tally. The information was in Part 5 of my 
QEX series, “Experimental Determination 
of Ground System Performance for HF 
Verticals.” Part 5 was in the July/August 
2009 issue of QEX, pp 15-17. That series 
of articles is available for viewing on my 
website: (www.antennasbyn6lf.com). The 
experimental work indicated that as long as 
there are a large number of radials (whether 
they are the same length or of different 
lengths) you don’t have a problem but if 
you try to use only a few long radials you 
will have problems. Read the article for the 
details. 

Potentials on the Radials
As Laport stated, elevated ground sys-

tems can have very high voltages between 
the wires and ground. Figure 27 shows 
examples of the voltage from a radial wire 
to ground for ideal 4, 12 and 32 0 /4 radial 
systems. 

Figure 27 — Examples of the voltage from a radial wire to ground with different numbers of 
radials. The input power to the vertical is 1500 W, the operating frequency is 3.5 MHz and the 

radial system is elevated 8 feet above ground.

I think this Figure makes it clear why you 
want to keep the radials out of reach! Note 
that as more radials are added the potential 
difference between the radials and ground 
drops significantly and becomes more uni-
form as we go away from the base of the 
antenna. This is a reflection of the reduction 
in E-field amplitude with more numerous 
radials, as was shown in Figures 24, 25 and 
26 in Part 1 of this article (Mar/Apr 2012 

QEX). Even with a large number of radials 
that voltage is still high. This voltage will 
vary with the square root of the power level 
so that going down from 1500 W to 100 W, 
a change of 15:1 (0.067), the voltage only 
drops by 0.26! Be careful!

Feed Point Impedances
The behavior of the feed point imped-

ance over the band (3.5 to 3.8 MHz for these 
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examples) as we vary H, L, J, N and soil 
characteristics is an important factor. The 
point I want to make in this section is how 
widely the input impedance of ground-plane 
antenna can vary as we change one or more 
of the variables. There is no one number for 
Zin! We will also look at variations in SWR 
bandwidth.

A graph of the feed point impedance  
(Zin = Rin +j Xin) from 3.5 to 3.8 MHz for 
different numbers of radials is shown in  
Figure 28. Note that in Figures 28 to 31,  
H = L and is adjusted so that the model is 
resonant at 3.65 MHz for each variation 
of parameters. As the parameters N, J and 
soil characteristics are changed, the values 
for H and L vary somewhat. From Figure 
28 we can see that N has a strong effect on 
the feed point impedance (Zin) although that 
effect diminishes as N increases. As shown 
in Figure 29, we can convert the informa-
tion in Figure 28 to SWR. In this case the Z0 
impedance for the SWR calculation is taken 
to be Rin at resonance (3.65 MHz) for each 
value of N.

Figure 29 shows that the 2:1 SWR band-
width increases somewhat as N is increased 
but by N = 16 we are approaching the point 
of vanishing returns for bandwidth.

Figure 30 shows the effect of height 
above ground of the radial fan (J) on Zin for 
N = 4. It’s pretty clear that the value for J has 
a strong effect on Zin. The effect of differ-
ent soil characteristics for a given value of J 
(8 feet in this example) is shown in Figure 31.

The information in Figures 28 to 31 rep-
resents only a few possible combinations, but 
the graphs make the point that the feed point 
impedance of an elevated radial vertical is a 
strong function of all the variables, so that 
each installation is unique.

We can also see the behavior of Zin over 
the band for different combinations of H 
and L that are resonant at 3.65 MHz. Some 
examples are given in Figure 32 and the 
associated graphs for SWR, are given in  
Figures 33 and 34. N = 4 and the H&L com-
binations are shown on the graphs.

The combination H = 73.25 feet and 
L = 43.11 feet has the very nice property 
that Zin = 50  at 3.65 MHz. As shown in 
Figure 33, this results in a relatively wide 
2:1 SWR bandwidth compared to the other 
combinations.

The greater match bandwidth is not just 
because Zin = 50  at resonance. The com-
bination also has intrinsically more band-
width as shown in Figure 33, where the Z0 at 
resonance is set to Rin at resonance for each 
combination of H and L separately.

The idea of increasing the feed point 
impedance at resonance to 50  by making 
the vertical taller and the radial fan radius 
smaller has actually been around for many 

Figure 28 — Xin versus Rin (Zin = Rin + j Xin) where frequency varies from 3.5 MHz (lower left 
ends of the curves) to 3.8 MHz (upper right ends of the curves) for different values of N. 

Frequency is stepped in 25 kHz intervals.

years: Rin at resonance can be increased by 
sloping the radials downwards from the base. 
In effect you are making the vertical taller 
and reducing the radial fan radius, which is 
what we did in the above example. 

Figure 9 (in Part 1) showed how Lrvaried 
for different values of N and H. For H = 69 feet, 
Lr decreased rapidly as more radials were 
added. We can play this game to find designs 

where Zin = 50  at resonance. Figure 35 is 
a graph where L is varied from 15 feet to 
100 feet for two values of H (72 feet and 
77.6 feet). Note that H in the range of 72 feet 
<=> 77.6 feet represents the limit that allows 
Rin = 50 . Longer or shorter values for H 
do not have a point where Rin = 50  for 
L = 15 feet <=> 100 feet. The combination of 
H = 72 feet, L = 25 feet, N = 16 and J = 8 feet 

Figure 29 — Feed point SWR as a function of N. 
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over average ground will give us Zin = 50  at 
3.65 MHz. Figure 36 shows the comparison 
for SWR between two combinations where 
N = 4 and N =16. This illustrates one of the 
advantages of using more radials.

For H = 72 feet and N = 16, L is only 
25 feet that represents a drastic reduction in 
the radius of the radial fan. In exchange for 
an increase in height on the order of 6 feet, 
we have a good match over a wide portion 
of the band and a small diameter radial fan. 
Instead of increasing the height we could 
have just added a couple of short top-loading 
wires. This is very nice but it's not entirely 
for free. When compared to the normal four 
radial system (H = 67 feet, L = 67.7 feet), Ga 
for the H = 72 feet, L = 25 feet combination 
is lower by about 0.25 dB. You sacrifice a 
small amount of gain. Whether that is accept-
able for the improvement in matching is an 
individual decision.

In a private communication with Dick 
Weber, K5IU, he made a suggestion that 
overcomes the reduction in gain associated 
with small radial length: use longer radials. 
This will result in Xin 0 but you can tune 
out the reactance with a series impedance. 
He has also pointed out that if Xin is inductive 
(+) then you can tune out the reactance with 
a series capacitor at the feed point. Looking 
back at Figure 35, we see that this trick will 
work for H > 72 feet. (That is for this particu-
lar case, where N = 16, J = 8 feet over average 
ground!). If we chose H = 75 feet, L = 70 feet, 
N = 16 and adjust the series capacitor at the 
feed point as we move across the band, we 
get the result shown in Table 1. Note that Xin 
is given in the Table, but Cs (the added series 
capacitor) tunes it out.

What we see is a vertical that can have 
a very low SWR across the entire 75/80 m 
band. It isn’t necessary that Cs be adjusted 
at every point. Three or four values of Cs 
switched with relays would probably still 
provide acceptable SWR over the entire band. 
For the case where H = 72 feet, L = 25 feet 
and N = 16, Ga = –5.52 dB. When we change 
to H = 75 feet, L = 70 feet and N = 16, Ga = 
–5.03 dB. That’s an improvement of +0.5 dB 
in signal strength. 

There is another option to make  
Zin = 50 +j0  at resonance. Instead of mak-
ing the antenna taller (or top-loading it) and 
the radials shorter, you can simply shift the 
feed point up into the vertical to a point where 
Rin = 50 . This is just a matter of moving the 
base insulator up into the antenna. You won't 
get quite as much match bandwidth as with 
the taller vertical but it will be close and you 
can use longer radials that give a better Ga. 
Whether this trick is mechanically feasible 
depends on the particular implementation.

All the examples to this point have 
assumed that the excitation at the base of the Figure 31 — The effect of different soil characteristics on Zin.

Figure 30 — The effect of height above ground on Zin.

Table 1
Zin and SWR from 3.5 to 4.0 MHz for H = 75 Feet, L= 70 Feet and n = 16

Frequency (MHz) Rin  Xin  Cs (pF) SWR
3.50 43.7 69.6 654 1.14
3.65 49.4 113.7 384 1.01
3.80 56.0 159.4 263 1.12
4.0 66.6 223.6 178 1.33
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vertical was isolated from ground: a choke 
(balun) was used in series with the feed line. 
If a choke is not used and the coaxial feed line 
is simply connected to the antenna and run 
down to ground, usually with the shield con-
nected to the radials and the center conductor 
to the vertical, there will be additional ground 
currents that increase loss. In a 4-radial 
elevated system, Ga typically falls -0.25 to 
–0.5 dB or even more for lossy soils if a 
choke is not used. If 12 to 16 radials are used, 
the increased loss is much smaller, usually 
only a few tenths of a dB. You might argue 
that when N is large a choke is not needed 
but I think it is better to be cautious and use a 
choke even in that case.

Earlier we saw how the radial length (L) 
affected the efficiency (Ga) of the antenna. 
We also saw that the effect was reduced 
when more radials were used. It is useful to 
look at Zin as both N and L are varied, espe-
cially around values of L near 0 /4. Figure 37 
shows the effect of varying L on Xin.

Figure 37 is particularly interesting in that 
it shows how sensitive the Xin component of 
Zin is to radial length when only a few radials 
are used. The Rin component is not nearly as 
sensitive. This becomes important when we 
look at current asymmetries in the radials. 
Adding more radials reduces the sensitivity 
of Zin to radial length and also the susceptibil-
ity to radial current asymmetry. Dick Weber, 
K5IU (see Note 43) generated a graph very 
similar to Figure 37 by assuming the radi-
als were open circuit transmission lines and 
plotting the impedance at the feed point as 
more radials were added in parallel. I have 
more on radials as transmission lines in the 
next section. 

Effect of Asymmetries in the Radial 
Fan

Is there significant current division 
asymmetry among the radials of typical  

installations and, if there is, do we need to 
be concerned about it? To answer the first 
part of this question, Dick Weber, K5IU, 
made a series of measurements on repre-
sentative 80 m and 160 m verticals with two 
and four elevated radials. Dick’s work was 
published in “Optimum Elevated Radial 
Vertical Antennas,” in the Spring 1997 edi-
tion of Communication Quarterly. (See Note 
9 in Part 1 of this article.) I have summarized 
some of his data in Table 2 but I strongly rec-
ommend reading his complete article.

Data tables are helpful but sometimes 
a graph of the data has more impact.  
Figure 38 compares the radial current divi-

sion for Weber’s 80 m vertical with four radi-
als. Figure 38 shows two things: the radial 
current division between the radials is far 
from equal and the division ratios change as 
we move across the band. Unfortunately, this 
is typical of elevated ground systems with 
only a few radials, as shown in Table 2. 

Weber explains this behavior by pointing 
out that a horizontal radial above ground is 
actually a section of single wire transmission 
line open-circuited at the far end so that in 
the region where L  0 /4 it acts like a series 
resonant circuit. Figure 39 shows an equiva-
lent circuit.

Individually the radials may have differ-

Table 2
Radial Current Comparisons from K5IU Measurements
(See Note 9 in Part 1 of this article for a reference to the source of this data.)

   Relative Relative Relative Relative 
   Current Current Current Current 
Antenna # Station ID Frequency (MHz) Radial 1 Radial 2 Radial 3 Radial 4
1 K5IU 3.528 1.00 0.52 0.27 0.27
1 K5IU 3.816 0.96 1.00 0.51 0.51
1 WXØB 1.805 1.00 0.01 ----- -----
1 WXØB 1.885 1.00 0.05 ----- -----
2 WXØB 1.805 1.00 0.80 ----- -----
2 WXØB 1.885 1.00 0.10 ----- -----
1, 0.125  radials, w/inductor WXØB 1.805 1.00 0.83 ----- -----
1, 0.125  radials, w/inductor WXØB 1.885 1.00 0.76 ----- -----
1 W7XU 1.805 1.00 0.00 0.00 0.00
1st trim W7XU 1.805 0.03 1.00 0.10 0.07
Last trim W7XU 1.805 1.00 0.00 0.00 0.00
Last trim W7XU 1.900 0.03 1 0.10 0.07

Figure 32 — Zin variation for different combinations of H and L that are resonant at 3.65 MHz.
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Figure 33 — SWR for various combinations of resonant H and L. Z0 = 50  for all curves.

Figure 34 — SWR with Z0 equal to Rin at resonance for the particular combination of H and L.
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Figure 35 — Zin as a function of radial length (L) for H = 72 feet and 77.6 feet with N = 16.

Figure 36 — SWR over 3.5 to 3.8 MHz for two different combinations of H and L. 
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Figure 37 — Effect of changing L in the neighborhood of /4 as a function 
of radial number.

Figure 38 — Current division between the four radials at 3.528 and 3.816 MHz for the 
80 m vertical at K5IU.
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ing resonant frequencies due to length varia-
tions, varying ground characteristics under 
a particular radial, nearby conductors, and 
other factors. (See Note 12 in Part 1, Doty, 
Frey and Mills, “Efficient Ground Systems 
for Vertical Antennas,” QST, Feb 1983, p 20.) 
At a given frequency, a particular radial may 
be close to series resonance, which means it 
has a low input impedance and may there-
fore take the majority of the current. This is a 
reasonable idea but the basic model in Figure 
39 doesn’t take into account the coupling 
between the individual radials or between 
the radials and the vertical. It would be more 
correct to add mutual coupling between all 
the inductive elements of Figure 39 as shown 
by the dashed lines. In the case of four radi-
als, the radials are at right angles to each other 
and to the vertical so that the mutual coupling 
is small (but not zero). When you go to eight 
radials, for example, the angle between the 
radials goes from 90° to 45°. That greatly 
increases coupling between the radials. 

All this is very interesting but so what? 
Does current-division asymmetry in the radi-
als cause any problems we should worry 
about? One way to look into this is to model 
a system with only one radial, which might 
be a worst case. Several of the examples in 
Table 2 show almost all the radial current to 
be in one radial. Figure 40 shows a compari-
son in the azimuth radiation patterns between 
one and four radials with J = 8 feet and f = 
7.2 MHz, at an elevation angle of 22°. Note 
that I have changed from 80 m to 40 m for 
the following examples simply because this 
work was already on hand. With four radials, 
the pattern is symmetric within 0.1 dB but 
with only one radial the pattern is distorted 
with a F/B ratio of 4.6 dB. In addition, the 
average gain for one radial is about 0.5 dB 
lower than Ga with four radials. There is sub-
stantial signal reduction (almost 5 dB!) in the 
direction away from the single radial. Over 
poor soil, Ga is even lower and the F/B can be 
6 dB or more.

Does having all the current in one radial 

Figure 39 — Equivalent circuit for a vertical 
with elevated radials.

Figure 40 — Azimuth radiation pattern comparison between one and four elevated radials.  
J = 8 feet, f = 7.2 MHz over average ground. The elevation angle for these plots is 22°.

actually represent the worst case or can we 
have even more pattern distortion and/or 
lower Ga in some other cases? NEC model-
ing can be used to investigate this question. 
We’ll start with a 40 m /4 vertical with 
four radials (see Figure 4 in Part 1). Radials 
1 and 2 form an opposing pair with a length 
= L. Radials 3 and 4 are a second opposing 
pair with length = M. First we'll model the 
antenna with all the radials the same length 
(L = M) and then with radials that differ in 
length (L M). 

The feed point impedances for three 
different radial length configurations are  
compared in Figure 41 as the frequency is 
varied from 7.0 to 7.3 MHz. The plot on 
the left is for the case where all the radials 
are identical (L = M = 34.1 feet). The loop-
ing plot on the right is for the case where  
L = 35.6 feet and M = 33.1 feet. This repre-
sents a length error of ± 2.9%. The middle 
plot is for L = 34.6 feet and M = 33.6 feet. 
That is a length error of ± 1.4%. Clearly even 
modest radial length asymmetry can have a 
dramatic effect on the feed point impedance 
and resonant frequency. The resonant fre-
quency is the point at which Xin = 0.

Feed point impedance is not the only 
problem associated with asymmetric radial 
lengths. Figure 42 compares radiation pat-
terns between symmetric and asymmetric 
systems at 7.25 MHz. The amount of pattern 
distortion varies across the band from a frac-

tion of a dB at 7.0 MHz to 3 dB at 7.25 MHz. 
Besides the distortion, the gain in all direc-
tions is smaller for the asymmetric case. 
Computing the average gains for the sym-
metric and asymmetric cases, there is about 
a 1.6 dB difference. What this tells us is that 
asymmetric radials can lead to significantly 
higher ground losses! 

Pattern distortion and increased ground 
loss with asymmetric radials occurs because 
the radial currents with asymmetric radial 
lengths are very different from the symmetric 
case. An example is given in Figure 43.

The graph bars represent the current 
amplitudes at the base of the vertical and 
each of the radials immediately adjacent to 
the base of the vertical. The grey bars are for 
symmetric radial lengths (L = M = 34.1 feet) 
and the black bars are for asymmetric radi-
als (L = 35.1 feet and M = 33.1 feet). In the 
symmetric case, each of the radials has a 
current of 0.25 A, which sums to 1 A, the 
excitation current at the base of the vertical. 
The radial currents are also in phase with the 
base current. 

With asymmetric radials the picture is 
very different: the current amplitudes are dif-
ferent between radial pair 1 and 2 and pair 3 
and 4, and the sum of the current amplitudes 
is not 1 A (the base current amplitude), it 
is much larger! This would seem to violate 
Kirchhoff’s current law that requires the sum 
of the currents at a node to be zero. In this 
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Figure 41 — A comparison of the input impedances (Zin = Rin + j Xin) from 7.0 to 
7.3 MHz at the feed point of the vertical, for symmetric and asymmetric radial 

lengths. The frequency is stepped in 10 kHz increments.

Figure 42 — Radiation pattern comparison between symmetric (L = M = 34.1 feet) 
and asymmetric (L = 35.1 feet and M = 33.1 feet)  

radials at 7.25 MHz.
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case the radial currents in the two pairs of 
radials are not in phase with each other or 
the vertical base current. The current in radi-
als 1 and 2 is shifted by –62° from the base 
current and the current in radials 3 and 4 is 
shifted by +89°. The base and radial currents 
sum vectorially to 0 however. That satisfies 
Kirchhoff’s law! These large asymmetric 
currents go a long way towards explain-
ing the increased ground loss and pattern 
distortion. Note that the current asymmetry 
shown in Figure 43 is for f = 7.25 MHz. As 
the frequency is changed the pattern for the 
asymmetric currents in Figure 43 will change 
in a way similar to Weber’s data shown in 
Figure 38.

If we take the example of L = 35.6 feet 
and M = 33.1 feet and add a wire from the 
junction of the radials to a ground stake, the 
Ga drops another –0.5 dB and the radial cur-
rent asymmetry increases. 

These examples represent only two par-
ticular cases. Obviously there are an infinite 
variety of radial fan distortions including 
radial lengths, azimuthal asymmetry, droop 
of the radials, and on and on. As we increase 
the number of radials what we see is a rapid 
decrease in the sensitivity to asymmetric 
radial lengths. A primary effect of additional 
elevated radials (>4) is to reduce the sensi-
tivity to radial asymmetry, nearby conduc-
tors, variations in ground conductivity or 
objects under the radial fan, and, as shown in  
Figure 27, more numerous radials reduce the 
potentials on the radials. 

How can we tell if there is a problem in 
an existing radial fan? One way is to measure 
the current amplitudes in the individual radi-
als close to the base of the vertical. (See Part 1 
of my series, “Experimental Determination of 
Ground System Performance on HF Verticals; 
Test Setup and Instrumentation,” in the Jan/
Feb 2011 issue of QEX.) If the current ampli-
tudes are significantly different between the 
radials and/or if the sum of the current ampli-
tudes in the radials is greater than the base 
current, then you have a problem. Current 
amplitude measurements can be made with 
an RF ammeter. More accurate measure-
ments that also show the phase can be made 
using current transformers and an oscillo-
scope or a vector network analyzer.

 
Final Comments

This discussion has shown that a vertical 
with an elevated ground system has many 
subtleties and many potentially useful varia-
tions, but it has also shown that you cannot 
simply throw up a vertical with a few radials 
dangling in various directions and expect it to 
work properly. You have to take some care. 
Are there a few simple rules that will keep us 
out of trouble? 

Here’s my advice:
1) Use at least 10 to 12 radials.
2) Make an effort to have the radial sys-

tem as symmetric as possible.
3) Keep the radial system as far as pos-

sible from other conductive objects.
4) While it is certainly possible to use 

almost any height for the vertical, I suggest 
you start with H = 0 /4 and trim the radials 
for resonance. This makes H a little tall, but 
it shortens your radials (especially if you’re 
using 10 to 12) and raises the feed point 
impedance a bit.

5) Use a balun or common mode choke 
on the feed line at the base of the vertical. To 
be effective, the balun should have a shunt 
impedance of  >2 k .

6) If you have a special problem situation 
by all means model some trial solutions first. 
That will save you a lot of time over cut-
and-try in the field. If you can't afford NEC4 
software, the free NEC2 software will still be 
very helpful. (See www.4nec2.com.)

This article has covered a lot of ground 
looking in detail at the behavior of verticals 
with elevated ground systems. Despite the 
length of this article, it really just scratches 
the surface of the subject. There are many 
other topics that deserve attention. For exam-
ple: a more detailed look at counterpoises, 
or, in an array, the interaction between the 
radial systems associated with the individual 
verticals, the effect of non-level terrain, and 
so on. I particularly recommend the articles 
by Al Christman, K3LC, that address many 
of these issues. (See Notes 18 through 33 in 
Part 1.) While I hope the work reported here 

Figure 43 — Comparison of currents between symmetric and asymmetric radials.

is helpful, there’s still lots more to be done 
before we can claim to really understand this 
class of antennas.

Acknowledgement
Much of the modeling data for the graphs 

was derived using MultiNEC, an Excel pro-
gram developed by Dan Maguire, AC6LA, 
that interfaces with NEC modeling pro-
grams allowing multiple runs for parameter 
studies. This is truly a wonderful program. 
Unfortunately it is currently being revised 
and not available as of this writing. I also 
want to thank my reviewers Al Christman, 
K3LC, George Cutsogeorge, W2VJN, Mark 
Perrin, N7MQ, Ward Silver, NØAX, Dean 
Straw, N6BV, and Dick Weber, K5IU. They 
gave freely of their time going through my 
drafts, making many important suggestions 
and corrections.

Rudy Severns, N6LF, is a retired electrical 
engineer (UCLA ’66). He holds an Amateur 
Extra class license and was first licensed in 
1954 as WN7WAG. He is a life fellow of the 
IEEE and a life member of the ARRL. His cur-
rent Amateur Radio interests are antennas, 
particularly HF vertical arrays and interac-
tions between towers and arrays. He also 
enjoys 600 m operation as part of the group 
under the WD2XSH experimental license. 
Some of his publications about antennas are 
posted on his website at www.antennasbyn6lf.
com.



34   QEX – May/June 2012

John B. Stephensen, KD6OZH

3064 E. Brown Ave, Fresno, CA 93703; kd6ozh@arrl.net

IMD in FET and Diode 
Mixers at 70 cm

The author describes the construction and test results  
of some UHF mixers that he built.

In order to test wideband Orthogonal 
frequency-division multiplexing (OFDM) 
communication on the 70 cm Amateur 
band, I had to construct at least two field 
programmable gate array (FPGA) based 
transceivers.1, 2 FET resistive mixers work 
well at HF and seemed attractive at UHF. 
Some types should also be less sensitive to 
mixer terminations and this is important at 
UHF, because it’s harder to provide a purely 
resistive termination at all ports. Since I had 
7 helical filters left over from an AMSAT 
project, and it’s inexpensive to add more 
area to a circuit board, I decided to build 
transceivers with two different FET mixers. 
After initial testing, I made a circuit board 
with a diode mixer for comparison. IMD 
was measured for transmit and receive paths 
and the results are summarized here.

The first mixer is a single-balanced 
design using two FETs used as resistive 
switches to ground. The second mixer uses 
four FETs in series with the signal. The third 
design is a high-level diode-ring mixer. All 
were tested with a +16 dBm LO input at  
406 MHz.3 

The mixer inputs and outputs were at  
435 MHz and 29 MHz. The 29 MHz port 
uses a diplexer to provide a wideband  
50  termination. The 435 MHz port feeds 
a 3-pole helical filter with a 3 dB 20 MHz 
bandwidth. Two 3-pole filters are used in 
order to provide sufficient attenuation of 
the image frequency when a 21.4 MHz IF is 
used with narrow-band crystal filters.

There are also two MMIC amplifiers with 
an SOT-89 footprint on each board — one 
for transmit and one for receive. One RFMD 
(RF Microdevices — formerly from Sirenza 
Microdevices) SGC-6389 (receive) and one 
SGC-6489 (transmit) silicon-germanium 
amplifier are used on each board. Two 
PE4259 CMOS silicon on sapphire SPDT 

switches from Peregrine Semiconductor 
control the RF signal path. The MMIC 
power is switched by standard P-channel 
FETs, as shown in Figure 1. Grounding the 
TX or RX inputs controls T/R switching. 
Figure 2 shows the schematic diagram of the 
test circuit boards, with the MMIC ampli-
fiers and RF switching. The individual test 1Notes appear on page 39.

Figure 1 — This schematic shows the power switching scheme used for the mixer boards.
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Figure 2 — Here is the mixer board schematic diagram, with RF switching. The various individual test mixers are connected  
where the mixer symbol is shown.

Figure 3 — The FET mixers use a Peregrine Semiconductor PE4140 CMOS silicon on 
sapphire IC. This schematic is a diagram of that IC.

(A)

(B)

Figure 4 — Here is the dual FET mixer  
circuit board.
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mixers are inserted where mixer U1 is shown 
on the schematic of Figure 2.

In these tests, the PIN diode switch was 
not needed so D2 was bypassed and R4, R5, 
C15 and C38 were not installed. Therefore, 
the +15 volt supply was not used. The FETs 
used in the first two mixers are contained in a 
CMOS silicon on sapphire integrated circuit 
from Peregrine Semiconductor, as shown in 
Figure 3. The sources are connected to the 
RF port and the drains to the IF port.

Hewlett-Packard 8640B and Rhode and 
Schwarz SM300 signals generators were 
used to generate test signals that were com-
bined in a Mini-Circuits ZFSC-2-1. IMD 
was measured on an Rhode and Schwarz 
FS300 spectrum analyzer. Transmit IMD3 
is measured at the PCB RF output with two  
–3 dB signals at 28.5 MHz and 29.5 MHz on 
the mixer IF port. Receive IMD3 is measured 
at the PCB IF output with two –22 dBm sig-
nals at 434.5 MHz and 435.5 MHz on the RF 
input to the PCB.

Dual FET Mixer
The dual FET mixer, shown in Figures 

4 and 5, contains two wideband transform-
ers. T1 drives the gate-to-source junctions of 
the two FETs and T2 is in the drain circuit. 
The RF port is the primary winding of T2. 
The FETs are connected to either side of the 
secondary winding and the IF port is con-
nected to the center tap of the secondary. 
The two FETs with their sources connected 
to ground are used as switches and the other 
two are unused. Switching on one FET or the 
other reverses the phase of the signal pass-
ing through the mixer. The impedance of the 
signal path is 50  and the resistance of the 

conducting FET is about 8 . Grounding the 
FET sources should minimize modulation of 
the conductance of the FETs by the IF or RF 
signals and minimize IMD. Figure 6 shows 
the results of the measurements made on 
this mixer.

Quad FET Mixer
The quadruple FET mixer, shown in 

Figure 5 — This schematic diagram shows 
the dual FET Mixer circuit.

Figure 6 — The dual FET receive mixer IMD3is shown on the top and the transmit 
mixer IMD3 is on the bottom.

Figures 7 and 8, contains two transmission 
line transformers for the LO and RF ports 
and one traditional transformer for the IF 
port. Depending on LO polarity, the upper 
left and lower right or the upper right and 
lower left FETs in U16 conduct. Half of the 
time, D1 is connected to S1 and D2 is con-
nected to S2 and the other half of the time 
D1 is connected to S2 and D2 is connected 
to S1. This reverses the phase of the signal 
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(A)

(B)

Figure 7 — This photo shows the quad FET 
mixer circuit board.

Figure 8 — Here is the quad FET mixer schematic diagram.

Figure 9 — The quad FET mixer receive IMD3 is shown on the left and the transmit mixer IMD3 is shown on the right.

passing through the mixer as the dual FET 
mixer does. The impedance of the signal path 
is 200  and the resistance of the two FETs 
is 16  so the ratio is halved and IMD should 
decrease. The sources are not grounded, 
however, so the LO voltage between the gate 
and source could be reduced. Figure 9 shows 
the results of the measurements on this mixer.

Diode Mixer
The diode mixer, shown in Figures 10 and 

11, is a package device from Mini-Circuits. 
The data sheet specifies a typical input inter-
cept of +29 dBm for the 100 to 1500 MHz 
frequency range with resistive loads. The LO 

current passes through half of the diodes on 
positive peaks causing them to conduct and 
the other half of the diodes during negative 
peaks causing them to conduct. This reverses 
the phase of the RF to IF path. The LO volt-
age is present on the diodes, however, so 
it must be balanced out in the architecture 
of the mixer. Thus, diode mixers must be 
double-balanced. Figure 12 shows the results 
of the measurements for transmitting and 
receiving.

Conclusion
Table 1 shows the gain and input inter-

cepts for transmitting and receiving, and the 
estimated mixer input intercept while receiv-
ing. We want low receive gain because there 
will be an LNA near the antenna. Typically, 
the helical filters each contribute about 2.5 
dB of loss and the RF switches each contrib-
ute about 0.4 dB of loss. The transmit and 
receive amplifiers contribute about 22.7 and 



38   QEX – May/June 2012

(A)

(B)

Figure 10 — Here is a photo of the diode 
mixer circuit board.

Figure 11 — This is the SYM-30DHW diode mixer schematic diagram.

Figure 12 — The diode mixer receive IMD3 is on the left and on the right is the transmit mixer IMD3.

Table 1

Mixer Third-Order Intercept Points

Mixer Type Transmit Gain (dB) Receive Gain (dB) Transmit IIP3 (dBm) Receive IIP3 (dBm) Mixer IIP3 (dBm)

Dual FET 8.60 4.95 +15.65 +2.12 +13.92
Quad FET 7.50 2.90 +13.45 +5.40 +17.25
Diode 8.95 4.80 +20.50 +8.50 +20.30
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17.6 dB of gain. Thus, we can estimate the 
input intercept of the mixers when receiving. 

The IMD measurements for the FET 
mixers were surprising, because they were 
not equal for transmit and receive, and the 
diode mixer provided the highest third-order 
intercept point in both cases. There are two 
possible reasons that the diode mixer outper-
forms the FET mixers. The on-resistance of 
the diodes could be lower and/or the switch-
ing time of the diodes could be faster. FET 
mixers at HF have been shown to degrade 
significantly as the frequency is increased 
from 3.5 MHz to 30 MHz, so the process 
would continue through the VHF and UHF 
ranges. This is consistent with slow switch-
ing times. There are broadband FET resistive 
mixers with higher intercepts at 435 MHz but 
these use 8 FETs and a +23 dBm LO, which 
would make for faster switching and lower 

TA P R 

™

on-resistance.
It may be possible to improve FET mixer 

performance at UHF with narrow-band 
designs. The LO and IF transformers could 
be tuned in a way to minimize coupling 
through the drain-to-gate capacitance of the 
FETs. Diode mixers, however, seem to work 
better in simple broadband designs at high 
frequencies.

John Stephensen, KD6OZH, became inter-
ested in radio at age 11, when his grandfather 
bought him a crystal radio kit. During the 
1960s, he built several HF receivers using 
vacuum tubes and other parts procured from 
discarded black-and-white TV sets. After 
attending the University of California, he and 
two friends founded PolyMorphic Systems — a 
supplier of personal computer kits, and later 
manufactured computers — in 1975. In 1985, 
he was cofounder of Retix, a networking hard-

ware supplier. John earned his Amateur Radio 
license in 1991, and has been active on bands 
from 7 MHz to 24 GHz, with interests including 
HF and microwave DXing and contesting. He 
has also been active on packet, satellites and 
on the HF bands using several digital modes. 
John has always designed and built his own 
Amateur Radio gear, some of which has been 
described in QEX. John is an ARRL Member.

Notes
1John B. Stephensen, KD6OZH, “A Soft 

Processor for Digital Signal Processing,” 
Winter 2009 TAPR Packet Status Register.

2John B. Stephensen, KD6OZH, “An FPGA-
Based Transceiver Module,” 2010 TAPR/
ARRL Digital Communications Conference 
Proceedings.

3John B. Stephensen, KD6OZH, “A stable 
Low-Noise VFO for VHF-UHF Transceivers 
and Transverters,” as yet unpublished.
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Figure 2 — Here is the actual frequency response of an “ideal” FIR filter with 1000 Hz cutoff, 
8000 Hz sample rate and 20 coefficients. The filter response is shown with linear scaling 

rather than the magnitude in dB.

SDR: Simplified

Ray Mack, W5IFS 

17060 Conway Springs Ct, Austin, TX 78717; w5ifs@arrl.net

Filter Design Program
Wes Hayward,W7ZOI, Rick Campbell, 

KK7B, and Bob Larkin, W7PUA, present 
a short description of DSP techniques and 
filtering in Experimental Methods in RF 
Design.1 One of the best items included 
with the book is a BASIC program (written 
by Bob Larkin, W7PUA) on the CD, that 
will calculate the coefficients for a finite 
impulse response (FIR) filter. It is a very well  
written program, but not terribly useful in a 
modern world without QBasic or GWBasic 
programs on our computers. Luckily, I still 
have a version of BASIC that came with 
MS-DOS 3.0 for the original IBM PC back 
in the 80s that I used to verify my port of the 
program to C.

One of the programs in the 5x12_Mack_
SDR.zip file for this installment is the  
program that I have written that implements 
the BASIC code in C.2 The present incar-
nation is designed to create a C source file 
with the FIR filter coefficients and related 
information. The logic of the program is 
entirely Bob’s, but even Bob used code from 
another source. In making sure I had the 
new program correct, I verified the Bessel 
calculation with the source Bob used from 
the second edition of Numerical Recipes 
in C.3 This is a fantastic book that you can 
read in its entirety on the web. To paraphrase 
Newton, “we see farther because we stand on 
the shoulders of giants.”

The Gibbs Phenomenon
The program starts with a rectangular 

shaped ideal filter. Figure 1 shows such a 
low pass filter with a 1000 Hz cutoff and a  
8000 Hz sample rate. The coefficients of 
an FIR filter are generated by calculating 
the Fourier transform of the filter frequency 
response to determine the impulse response 
in the time domain. For all but the simplest 
filter shapes, the Fourier transform can get 
pretty messy. It turns out that the Fourier 
transform and impulse response for the low 
pass, high pass, and band pass response is the 
same rather simple equation with different 
parameters based on the cutoff frequencies. 
In essence, all three filter types are variations 
of a rectangular pulse shape.

Let’s choose to create a filter with  

1Notes appear on page 44.

Figure 1 — This graph shows the ideal filter response of a 1000 Hz low pass filter with  
8000 Hz sample rate.
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Figure 3 — Part A shows an “ideal” low pass filter with 40 coefficients. Part B shows the 
same filter, but with 200 coefficients. Part C shows the same filter, but with 1000 coefficients. 

You can see that each filter has the characteristic 8.9% overshoot and undershoot.
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while (1)
{
   /* Read 16-bit left channel Data */
   EZDSP5535_I2S_readLeft(&data1);
   /* Read 16-bit right channel Data */
   EZDSP5535_I2S_readRight(&data2);
   // perform the IF filtering
   error = fir(&data1, coefficients, &data1, 
               delay_buffer, 1, 
               number_of_coefficients);
   //Do the demodulation
   switch (modulation_type)
   {
      case AM:   // square law detector
         demod_sample *= demod_sample;
         break;
      case FM:
         demod_sample = demod_FM(data1);
         break;
      case CW:
         demod_sample = demod_CW(data1);
         break;
      case LSB:
         demod_sample = demod_LSB(data1);
         break;
      case USB:
         demod_sample = demod_USB(data1);
         break;
   }
   // perform the baseband filtering
   error = fir(&demod_sample, baseband_coefficients, 
        &demod_sample, demod_delay_buffer, 
          1, number_of_baseband_coefficients);
   /* Write 16-bit left channel Data */
   EZDSP5535_I2S_writeLeft(data1);
   /* Write 16-bit right channel Data */
   EZDSP5535_I2S_writeRight(data2);
   // If any key has been hit in the debugger, we exit
   if (_kbhit())
   {
      break;
   }
}

applies a Bessel function to the coefficients 
to set a desired amount of stop band attenua-
tion close to the pass band in exchange for a 
more gradual transition band and a flat pass 
band. The Kaiser window is named after 
J. F. Kaiser, who decided to use some very 
obscure (even for mathematicians) and dif-

Table 1 — Frequency Register Values for the Allowed Sample Rates

   Rate R J D P MADC & NDAC DOSR & AOSR PLL Frequency
    8000 1 1 792 2 2 128 10.752
  16000 1 1 792 1 2 128 21.504
  24000 1 3 584 1 2 128 43.008
  48000 1 7 1680 1 2 128 86.016
  96000 1 7 1680 1 1 128 86.016
192000 1 7 1680 1 1 64 86.016

20 coefficients. The resulting filter response 
looks something like Figure 2. You see that 
the pass band has ripples every 200 Hz and 
the stop band has ripples also spaced every 
200 Hz. The ripples don’t look very big 
when plotted on a linear scale. They are 
pretty serious when you plot them as dB, 
however. These ripples are called the Gibbs 
Phenomenon (first discovered in 1848 and 
named for J. Willard Gibbs who described 
the phenomenon in detail in 1899). The 
short description of the phenomenon is that 
any discontinuity in one domain causes an 
infinite series in the other domain. In the 
case of our filter, the sharp discontinuity at 
1000 Hz in the frequency domain requires 
an infinite number of coefficients in the 
time domain to implement that frequency  
spectrum. Since we cannot implement our 
filter in the time domain with an infinite num-
ber of coefficients, the 20 coefficients create  
20 discrete bins each 200 Hz wide (4000 Hz 
/ 20). If we had chosen a 40 coefficient filter, 
the size of the ripples in the pass band and 
stop band would be smaller in both width 
(now only 100 Hz wide) and height because 
the sum of the series is closer to convergence. 
The longer filter is a closer approximation to 
the original function. Figure 3 shows how 
increasing numbers of coefficients increase 
the slope of the transition but that even very 
large numbers of coefficients will not elimi-
nate the issues right at the edge of the transi-
tion region. Gibbs found that an FIR filter 
will have 8.9 % maximum ripple for the first 
ripple on either side of the transition, regard-
less of the number of filter coefficients.

The Kaiser Window
Gibbs observed that as a function becomes 

smoother, the coefficients of the transform 
near the center become much larger and coef-
ficients further away quickly tend toward zero. 
There are two ways to force the frequency 
response to have fewer ripples and approach 
a smooth shape. The first is to design a filter 
that is not ideal, has sloped shoulders, and 
a gradual transition from pass band to stop 
band. The problem with this approach is that it 
requires using the Fourier Transform to calcu-
late the coefficients and the results are unique 
for each filter. The second way is to start with 
an ideal response, with its simple calculations, 
and then force the coefficients to have a shape 
that has significant central coefficients but 
with the coefficients near the edges rapidly 
approaching zero. This process is called win-
dowing. There are many functions that can be 
multiplied against the ideal filter coefficients 
to achieve varying amounts of pass band or 
stop band ripple reduction or both. The transi-
tion rate from pass band to stop band is also 
affected. Each window method has its own 
set of advantages and disadvantages. As with 
most other situations in engineering, you can 
affect stop band or pass band or transition rate: 
pick two!

The C program uses a Kaiser window that 

Listing 1 — The code for the main signal processing loop.

ficult to calculate functions called prolate 
spheroidal functions. Kaiser windows are 
probably some of the best for controlling 
the depth of the first side lobe while still 
giving a rapid transition. Fortunately, Bob 
Larkin handled the nasty math in his original 
program.
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More TI Software Resources
TI gives away a package called DSPLIB 

that can be used for any of their DSP fami-
lies. Go to www.ti.com/lit/ug/spru422j/
spru422j.pdf to download the Programmer’s 
Reference. Then go to www.ti.com/tool/
sprc100 to download the zip file containing 
the library and its source code. You need to 
place the header file dsplib.h in the ccsv4\
tools\compiler\include directory. Place all 
of the library files in the ccsv4\tools\com-
piler\lib directory. You will need the source 
files because the library is compiled in the 
small memory model and the other libraries 
are in large memory model. For this program, 
you need fir.asm in your project directory.

We are interested in the function “fir.” 
You will find the reference information on 
page 4-46 of the reference manual. The func-
tion takes six arguments. The first argument 
is the address of the array of input samples. 
The second is the address of the array of fil-
ter coefficients. The next one is the address 
of the output buffer, which can also be the 
address of the input buffer for computation 
in-place. The fourth argument is the address 
of the delay buffer, which holds all of the his-
tory of the filter. This buffer is equal in size to 
the number of coefficients plus one more that 
holds the array index of the oldest entry. The 
C language does not include the size of an 
array as part of the array storage. That means 
we have to keep track of the size as another 
piece of data. The “fir” function uses the fifth 
argument to hold the size of the input array 
and the sixth is the size of the filter coefficient 
array. All of the arguments are 16 bit signed 
or unsigned numbers.

Figure 4 shows the concept of an FIR fil-
ter. In fact, this structure applies to any FIR 
operation where “filter” can encompass any 
manipulation such as a Hilbert transform 
(90° phase shift with no amplitude change). 
The figure shows a trivial example where the 
delay line (a shift register when implemented 
in hardware) starts with all registers holding 
zero. It goes through the first six sample peri-
ods showing the data in the delay line and the 
calculations that occur. The data samples are 
(–1, –2, –1, 2, 5, 10) and the six coefficients 
are (–1, 2, 6, 6, 2, –1).

The code for this experiment uses the fir() 
function in its single element mode. The data 
word is applied to all of the delay elements 
and the total is added together to produce a 
single output word. The intermediate his-
tory is held in the delay_buffer array that is 
declared inside our automatically created 
data file. The documentation calls for the 
array to be initialized to all zeros, but that 
occurs automatically as part of the C startup 
when delay_buffer is copied into memory.

The Bare Metal Filter and Receiver 
Program

The last step in making a radio with a 
band pass filter is to port the filter coefficient 

calculation into our receiver so that we can 
tune the filter to any signal within the pass 
band. The biggest risk in moving the FIR 
filter coefficient task into our DSP is running 
out of program memory. The FIR coefficient 
calculation uses floating point and numerous 
math library functions that consume quite a 
lot of program memory.

In addition to calculating the coefficients, 
we need to set the PLL to achieve the design 
sample rate. We saw in the Mar/Apr issue 
that we need to calculate both an integer and 
fractional value to set the sample rate. Here 
is the equation:

  
PLLCLK  R J.D

PLL_FREQ = 
P

The PLLCLK value is  12 MHz 
[Remember from the last issue that the dot 
between the J and the D is the notation for the 
multiplication factor. If R = 1, P = 1, J = 7 and 
D = 1680, then the expression (R × J.D) = (1 
× 7.1680). — Ed.] Fortunately, the data sheet 
gives the values for 12 MHz MCLK to gen-
erate 48 kHz and 44.1 kHz so we only have 
to do the calculations for the other allowed 
sample rates. Table 1 captures the register 
values for the sample rates.

The result at this point is the output of 
our tunable IF filter. The next step is to con-
vert the IF signal to a baseband signal. The 
output of the conversion to baseband always 
contains extra signals that we do not want in 
our output. The last DSP step is to filter out 
those signals so we are left with our audio. 
The baseband filter is a short length (20 coef-
ficients) low pass filter to eliminate frequen-
cies that are far removed from audio. The last 
step is a call to read the console for input that 
will halt the signal processing and return to 
the tuning input dialog. Since the interface 
is a “teletype terminal,” it is not what one 
would want in a real radio, but it works for 
our experiments. The console input must be 
a non-blocking call so that the program will 
continue DSP operations if there was no ter-
minal activity.

Listing 1 contains the main logic for the 
DSP loop. The switch statement selects the 
type of signal to be demodulated. At this 
point, I have only implemented the AM 
demodulator. The other modulation types 
require that a function is implemented, but 
they all return without performing any action.

Filter Response Program
Gnu Octave has a function (freqz) that is 

supposed to allow you to plot the frequency 
of either an Infinite Impulse Response (IIR) 
or FIR filter. The interface is not espe-
cially easy to use, however. The zip file for 
this installment also includes a frequency 
response calculator. The output of the pro-
gram is a set of X-Y points in a text file that 
you can import into Gnu Octave, Gnuplot, or 
a spreadsheet such as Excel, so that you can 
see the plot. Plotting in Gnuplot is especially 
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easy, since you can run a script and simply 
repeat the last command to plot the new data. 
While we are experimenting with various 
types of filters and windows, the ability to 
see the response is very useful. It is especially 
useful to zoom the plot to just a portion of the 
total frequency range of the system. 

Figure 4 — Here is a graphical description of an FIR filter implementation. The sequence shows how the first 6 samples enter the delay line, 
and gives the first 6 output samples.
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Notes

1Hayward, Campbell, Larkin, Experimental 
Methods in RF Design, The American Radio 
Relay League, 2003.

2The software files described in this Column 
are available for download from the ARRL 

QEX files website. Go to www.arrl.org/qex-
files and look for the file 5x10_Mack_SDR.
zip.

3Press, Teukolsky, Verling, Flannery, Numerical 
Recipes in C, Cambridge University Press, 
1992.
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A New Horizontal Polarized High 
Gain Omni-Directional Antenna 
(Nov/Dec 2011)
Hi Larry,

I enjoyed the article “A New Horizontally 
Polarized High Gain Omni-Directional Antenna” 
by Tom Apel, K5TRA, in the Nov/Dec 2011, 
issue of QEX, on pages 3 - 9. The article jogged 
my obsession with three-phase power and 
reminded me of an antenna I saw in a text book 
decades ago.

That antenna was a microwave example of 
an omnidirectional tripole antenna built of three 
dipoles at 120° orientations around a circle, 
using three-phase feed points tapped off at 120° 
intervals around TM(1,1) circular waveguide. It 
appears in Electronic Designers’ Handbook, by 
Landee, Davis, Albrecht, published by McGraw-
Hill, 1957, page 21-37 and page 20-37.

This suggested to me a tripole antenna built 
of three quarter-wavelength whip antennas as 
follows. I haven’t tried this yet, but I can’t resist 
sharing the idea to find out who has already 
tried it.

The basic tripole comprises three quarter-
wave whips pointing radially outward form a 
center point to form a planar Y. The inner ends 
of the whips form the feed point. Unlike most 
feed points, the tripole feed point has three ter-
minals, and is fed with three-phase power 
through a three-phase transmission line. Three-
phase open-wire transmission lines are com-
mon at 50 and 60 Hz, but are rare at radio 
frequencies.

Three coaxial lines can be used, with each 
center conductor driving one terminal of the 
feed point. The three shields are tied together at 
the feed point, and are not connected to any-
thing else. From the point of view of each single 
coax, one whip is driven, and the other two are 
used as ground radials for that coax. The tripole 
forms a rotating dipole in the plane of the Y, so 
the axis of rotation is perpendicular to the plane 
of the Y.

Unbalance in the feed signals leads to simul-
taneous counter-rotating dipoles, called positive 
sequence and negative sequence in the three-
phase literature.

In the horizontal plane, a single horizontal 
tripole is horizontally polarized and omnidirec-
tional. Along the vertical axis, a single horizontal 
tripole emits circularly-polarized radiation.

Stacked tripoles can be used to increase 
horizontal omnidirectional gain similarly to the 
antennas discussed in Tom’s article.

Tripole Yagi for Circular Polarization

Helices and crossed Yagis are well-known 
directional antennas for circular polarization. 
(See “Microwavelengths: Circular Polarization,” 
by Paul Wade, W1GHZ, QST, Oct 2011, pp 
98-99).

A crossed Yagi is two Yagis crossed on the 
same boom, driven 90° out of phase. At each 
element location on the boom, there are four 
half elements sticking out in four directions to 
make a cross.

A tripole Yagi replaces each cross of four half-
elements with three half elements 120° apart. 
The driven element is a tripole as described 
above.

— 73, Peter Traneus Anderson, KC1HR, 42 River 
St, Andover, MA, 01810;  
traneus@verizon.net

Hi Peter,

Thanks for letting us know that you enjoyed 
the article by Tom Apel, K5TRA. Your descrip-
tion of a tripole Yagi does sound interesting. I 
wonder if any readers have tried such an 
antenna, and what experiences they may have 
to share. 

— 73, Larry Wolfgang, WR1B, QEX Editor; 
lwolfgang@arrl.org

2012 Appalachian Trail  
Ham Radio Survey

The goal of this survey is to determine ham 
radio coverage all along the Appalachian Trail 
and develop a list of useable repeaters, VOIP 
links and APRS tracking/texting reliability for 
hikers with HT’s along the trail. Ham hikers are 
asked to schedule a 1 or 2 day local hike while 
carrying an APRS HT and GPS, so that their 
track and coverage will be captured by the 
http://aprs.fi web page.

The survey hikes will begin in Georgia in mid 
March, Tennessee/North Carolina in early April, 
Virginia in April and early May, then Maryland, 
Pennsylvania and New York in late May. After a 
month break, the survey will resume in 
Connecticut in July, and on to Maine by the end 
of August. The timing is designed to coincide 
with the north-bound trek of the hundreds of 
thru-hikers that attempt the 2175 mile hike each 
year. In this way, ham radio can also serve in a 
support role for any emergency assistance for 
these hikers.

If you are interested in helping with the sur-
vey, see the plan on http://aprs.org/at.html 
and contact me.

— 73, Bob Bruninga, WB4APR, 115 Old Farm 
Ct, Glen Burnie, MD, 21060;  
wb4apr@amsat.org.

Hi Bob,

I am sorry we weren’t able to get this note 
into QEX in time for the southern part of the 
survey, but I hope some of our northeast read-
ers will be able to hike sections of the AT and 
add their data to your results. 

— 73, Larry Wolfgang, WR1B
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Amateur Radio operators are fi nding 
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Defi ned Radio—the latest big step 
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QRP rigs to the most powerful radios, 
they’re all using SDR technology. 

The ABC’s of Software Defi ned 
Radio is an introductory guide to SDR 
and Digital Signal Processing (DSP) 
technologies. Written in a friendly 
style, it offers a straightforward look 
inside SDR and provides a foundation 
for those who want to understand the 
subject on a more fundamental level. 
As you read, you’ll discover the basic 
principles of SDR, advantages to 
SDR technology, and ways to utilize 
it in Amateur Radio operations
…all with a minimum of mathematics!
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Mark your calendar now and start making 
plans to attend the premier technical confer-
ence of the year, the 31st Annual ARRL and 
TAPR Digital Communications Conference 
to be held September 21-23, 2012, in 
Atlanta, GA. The conference location is the 
Sheraton Gateway Hotel Atlanta Airport, 
Atlanta, GA.

We recommended that you book your room 
prior to arriving. TAPR has reserved a block 
of rooms at the special DCC room rate of 
$95.00 single/double. This special rate is 
good until 5:00 PM EDT, August 29, 2012. 
After that you will pay the regular room rate. 
To book your room, use the link on the 
TAPR website under Conferences (www.
tapr.org/dcc.htm) or call the hotel directly 
(Reservations: 1-800-325-3535) and men-
tion the group code ARRL and TAPR Digital 
Communications Conference when making 
reservations. Be sure to book your rooms 
early! 

The ARRL and TAPR Digital Com-
munications Conference is an interntional 
forum for radio amateurs to meet, publish 
their work, and present new ideas and tech-
niques. Presenters and attendees will have 
the opportunity to exchange ideas and 
learn about recent hardware and software 
advances, theories, experimental results, 
and practical applications.

Topics include, but are not limited to: 
Software defined radio (SDR), digital voice 
(D-Star, P25, WinDRM, FDMDV, G4GUO), 
digital satellite communications, Global 
Position System (GPS), precision timing, 
Automatic Packet Reporting System® 
(APRS), short messaging (a mode of 
APRS), Digital Signal Processing (DSP), 
HF digital modes, Internet interoperability 
with Amateur Radio networks, spread spec-
trum, IEEE 802.11 and other Part 15 
license-exempt systems adaptable for 
Amateur Radio, using TCP/IP networking 
over Amateur Radio, mesh and peer to peer 
wireless networking, emergency and 
Homeland Defense backup digital commu-
nications, using Linux in Amateur Radio, 
updates on AX.25 and other wireless net-
working protocols and any topics that 
advance the Amateur Radio art. 

This is a three-Day Conference (Friday, 
Saturday, Sunday). Technical sessions will 
be presented all day Friday and Saturday. In 
addition there will be introductory sessions 
on various topics on Saturday.

Join others at the conference for a Friday 
evening social get together. A Saturday eve-
ning banquet features an invited speaker 
and concludes with award presentations 
and prize drawings. 

The ever-popular Sunday Seminar will fea-
ture Tom Rondeau, KB3UKZ, teaching 

Upcoming Conferences

2012 Annual Conference, 
Society of Amateur  
Radio Astronomers

June 24 – 27, 2012
National Radio 

Astronomy Observatory
Green Bank, WV

The Society of Amateur Radio Astronomers 
(SARA) will hold its 2012 Annual Meeting 
and Technical Conference June 24 through 
June 27, 2012, at the National Radio 
Astronomy Observatory (NRAO), Green 
Bank WV. Papers will be presented on radio 
astronomy hardware, software, education, 
research strategies, and philosophy.

Advance Registration Deadline: 

Because SARA Conferences require quite 
a bit of advance planning, early registration 
is encouraged. To register for the 2012 
SARA Conference, your remittance in full 
must be received by our Treasurer (not sim-
ply postmarked) not later than 31 May, 
2012. All registrations received after that 
date, or walk-in registrations, will be 
assessed an additional 15% late registra-
tion fee. SARA Treasurer, Melinda Lord, 
2189 Redwood Ave, Washington, IA 52353; 
treasurer@radio-astronomy.org. There is 
also a link for PayPal registration.

For more information go to www.radio-
astronomy.org.

46th Annual Central States  
VHF Society Conference

July 26–28, 2012
Clarion Hotel and 
Convention Center

525 33rd Avenue, SW
Cedar Rapids, IA, 52404

The Central States VHF Society, Inc 
(CSVHFS) invites you to attend the  
46th annual conference in Cedar Rapids, 
IA, July 26–28, 2012. The Planning 
Committee has a fun-filled, educational 
event in store for you! The on-line registra-
tion form is now active. 

Call for Papers

The Central States VHF Society is soliciting 
papers, presentations, and poster displays 
for the 46th annual conference. All aspects 
of weak-signal work on Amateur Radio 
bands of 50 MHz and above are sought. 

September 21-23, 2012 
Sheraton Gateway 

Hotel Atlanta Airport
1900 Sullivan Road

Atlanta, Georgia 30337
www.sheraton.com/atlantaairport

The 31st Annual ARRL  
and TAPR Digital 

Communications Conference

The papers will be published in the 
Conference Proceedings, which will be 
available at the conference. You do not have 
to attend the conference nor present the 
paper to have it published in the Proceedings. 
Posters describing your project will be dis-
played during the 2-day conference.

Presentations and Posters at the confer-
ence may be technical or non-technical but 
will cover the full breadth of amateur weak 
signal VHF/UHF activities. The presenta-
tions generally vary from 15 to 45 minutes, 
covering the highlights with details in the 
Proceedings paper. Topics of Interest 
include:

•  VHF/UHF Antennas

• Propagation Modes – such as Meteor 
Scatter, Sporatic E, Aurora, & Tropo-
scatter

•  Equipment Design & Construction – such 
as pre-amps, transverters, power ampli-
fiers, and related accessories

•  EME (Moon Bounce)

• Rover Stations — design, construction, 
and operation.

•  Digital Modes

• Digital Signal Processing & Software 
Defined Radios

• Operating — including Contesting, 
DXpeditions, and Awards

If you would like to contribute a paper, pre-
sentation, or poster, please contact Rod 
Blocksome, KØDAS, CSVHF Conference 
Program Chairman as soon as possible 
with the title and a short description. You can 
reach Rod at k0das@arrl.net or 690 
Eastview Dr, Robins, Iowa 52328. Author 
Guidelines and other details are available at 
the Society website: www.csvhfs.org.

Submissions Deadlines:

Proceedings – June 15, 2012

Presentations – July 26, 2012

Posters – July 26, 2012
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“Exploring GNU Radio: From Filters to 
Digital Demodulators.” This is an in-
depth four-hour presentation, where 
attendees learn from the experts. 
Check the TAPR website for more infor-
mation: www.tapr.org.

Call for Papers

Technical papers are solicited for pre-
sention and publication in the Digital 
Com-municat ions Conference 
Proceedings.Annual conference pro-
ceedings are published by the ARRL.
Presentation at the conference is not 
required for publication. Submission of 
papers are due by 31 July 2012 and-
should be submitted to: Maty Weinberg, 
ARRL, 225 Main Street, Newington, 
CT 06111, or via the Internet to maty@
arrl.org. There are full details and 
specifications about how to format and 
submit your paper for publication on the 
TAPR website.
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■ Frequency range from 
5 kHz to 1 GHz.

■ Data plots include SWR, RL, 
R + X, series and parallel, magnitude, phase, and more.

■ Dual Smith charts with rotation and 20 markers.
■ Plots and calibration fi les can be saved and used anytime 
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NEW!
NEW!

NEW!

Single and Dual Rack 
Mount available

New “Power Master 
Basic” Software  

FREE!

■ Patented, unique technology offers the broadcast engineer the full 
capabilities of a single port network analyzer 
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driven instrument 

■ Easy to carry on airlines and in 
the fi eld. 

■ Very simple to set up and use. 
■ Safe measurements in RF-dense 
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■ Time Domain Reflectometer (TDR) Functions.
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Out of the Box

Ray Mack, W5IFS 

17060 Conway Springs Ct, Austin, TX 78717; w5ifs@arrl.net

A New Microstrip Filter Technique
About 6 years ago, I started seeing articles 

in trade journals that described a new element 
for microstripline filters. This element is called 
a defected ground structure (DGS). I have 
never seen an article in an Amateur Radio 
journal describing this new circuit element. 

A fundamental part of a microstrip is a 
large continuous ground plane under the 
“center conductor” in order for the impedance 
to be consistent and to work as a transmission 
line. If one makes a cutout in the ground plane 
immediately under the transmission line, the 
hole in the ground plane will force the ground 
current to flow a longer distance than the 
current in the transmission line. The result of 
the altered ground current is a response that 
is equivalent to a parallel resonant circuit. The 
response is that shown in Figure 1. Figure 2 
shows a basic slot and some representative 
dumbbell shapes used in DGS circuits. The 
fundamental part of the defected ground 
structure is the narrow resonant slot that is 
placed directly under the transmission line. 
The only way to design and use a workable 
DGS element is to model the system in a 3D 
simulator such as Sonnet Lite. The different 
shapes are used to implement elements with 
different frequencies and Q values. I have not 
found a useful description of the relative merits 
of the various shapes. 

Notice that all of the DGS elements have a 
narrow slot under the transmission line. A DGS 
element will radiate significantly more than a 
normal microstrip because the gap acts ex-
actly like a slot antenna. The radiation requires 
that you build a prototype in order to be certain 
of the real response. It is usually not practical 
to fully model the effects of the radiation or 
the absorbers you may need to put in the en-
closure to control the radiated energy. I found 
an article in my search that put the operation 
of a defected ground structure in perspective.1 
The DGS in that article is a structure that looks 
just like an interdigital filter with no input or 
output. The interdigital structure and its use is 
shown in the structure on the right in Figure 
3, with detail of the bottom copper shown in 
Figure 4. Essentially, the interdigital structure 
couples energy into the ground at either end 
and only takes energy from the transmission 
line at the “filter” resonant frequency. A slot 
antenna type DGS works in a similar fashion. 
The slot radiates some of the energy passing 
above it but only where the “antenna” is reso-
nant. It is that resonant absorption of energy 
that accounts for the transmission zero in the 
frequency response. 

The interdigital structures of Figure 3 were 
hard for me to visualize at first because my eye 
tends to focus on the light areas rather than 
the dark areas. The meander lines in the left 
and center parts of Figure 3 are a variation of 
the interdigital structure. They get their name 
from the meandering look of the empty areas. 
You can clearly see the interdigital filter aspect 

Figure 4 — The interdigital filter DGS 
element showing only the bottom copper 
pattern.
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DGS Equivalent

Figure 1 — The electronic lumped equivalent 
for a  defected ground structure  

(DGS) element.

Figure 2 — These patterns show various 
DGS elements. Part A shows a simple slot 
DGS element, Part B shows a rectangular 

dumbbell, Part C shows an H dumbbell and 
Part D shows a circular dumbbell. Each 

shape has its own advantages with respect 
to frequency, size, and Q.

Figure 3 — Three representative Meander 
Lines showing the microstrip transmission 

line above the DGS element.

in Figure 4, however, if you force your eyes 
to focus on the six metal resonators instead 
of the seven “white” spaces. The white areas 
represent etched copper while the shaded 
areas are copper remaining on the board.

The Sonnet Lite program can be used to 
evaluate DGS filters. You can download the 
program for free if you agree to license it and 
allow the program to report back usage.2 There 
is a 20 minute tutorial on the site that will show 
you how to create a microstrip filter. I haven’t 
finished the tutorial or the “homework” yet due 
to other commitments, but it is on my schedule 
for next month. What I have seen so far is 
very helpful for doing your first filter project.  
I also checked out the knowledge base.  
I am just starting the process, but from what 
I can see of the tutorial system on their web 
site, the folks at Sonnet Software really know 
how to support their customers. [Sonnet 
Software is owned by Dr. James Rautio, AJ3K 
— Ed.] I spent a little time going through the 
tutorial structure on line. It is huge! It is also 
well written and easy to follow. I suspect that 
learning 3D electromagnetic modeling is going 
to be similar to my journey learning 3D solid 
modeling with SolidWorks. There are a lot of 
concepts unique to this subject and it will take 
a while to learn anything more than the basics. 

Sonnet Suites is the full professional ver-
sion of Sonnet Lite. It is a full wave 3D planar 
EM simulator. Sonnet Suites will solve for the 
EM waves and modes in 3D and compute the 
cross coupling between all sub-sectioned ele-
ments in all 3 dimensions. More importantly, 
however, Sonnet Suites solves for arbitrary 
currents in the XY plane, only. It will calculate 
current in the strict Z direction through vias, 
but it assumes an even distribution through 
its length or the substrate thickness. Full 3D 
modeling requires the purchase of another full 
professional program, CST Studio Suite, also 
available from Sonnet Software.

As far as I know, Sonnet Lite is the only 
reasonably priced 3D modeling program 
(you can’t beat free). There has not been any 
coverage of that topic in the Amateur Radio 

press. A friend here in Austin, Texas is also 
learning 3D modeling. As we develop useful 
information, we will pass it along here.

Notes
1Balalem, Ali, Machac, and Omar, Quasi-Ellip-

tic Microstrip Low-Pass Filters Using an In-
terdigital DGS slot: web.elmag.org/lib/exe/
fetch.php/wiki:user:machac:texty:dgs.
pdf. 

2The Sonnet Software website describes 
the Sonnet Software products. You can 
download the free Sonnet Lite program 
here, as well: www.sonnetsoftware.com/
products/lite. 
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